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Abstract 
For a long time mercury electrodes have been the main choice for the analysis of metal ions 
and some metalloids. However, in the last years, safety and environmental considerations 
have restricted their use and encouraged the search for alternative materials more 
environmentally friendly and with more possibilities for in-situ and flow analysis. This research 
has been reinforced by the popularisation of nanomaterials, biomolecules and screen-printed 
electrodes, as well as for the new advances in sensor miniaturization and integration of the 
electrodes in multi-sensor platforms and electronic tongues. The present review critically 
summarizes and discusses the progress made since 2010 in the development and application 
of new electrodes for the analysis of metals and metalloids.  
*Revised manuscript  (Clean version)
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Introduction 
Metal and metalloid ions are prominent contaminants on the Earth surface. Their persistence 
in some ecosystems as waters and soils, consequence of their non-biodegradability, together 
with the fact that they can be biotransformed, bioaccumulated or biomagnificated, make them 
a subject of major concern. Although some of them (e.g., iron, selenium, copper, cobalt, 
manganese, zinc) are essential for human life in small levels, most of these metals are harmful 
when they are at high concentrations. They reach the environment from both natural 
(atmospheric inputs and aeolian processes) and anthropogenic (industrial processes, 
agriculture and mining industry) sources, being anthropogenic sources the most problematic 
ones. In general, natural sources set the background levels, although contamination by natural 
sources is a priority in several regions of the world. These facts make necessary the control of 
metal and metalloids contamination and the establishment of safety limits or maximum 
contaminant levels in some media and products [1-8]. Thus, the establishment of analytical 
methodologies to analyze or detect metal ions at low concentrations levels, not only in 
environmental samples (water, soils, biota) but also in food, drugs and biological samples, is 
nowadays an urgent challenge. Organizations as World Health Organization (WHO), USA 
Environmental Protection Agency (EPA) or Food Agricultural Organization (FAO) publish 
periodically guidelines to define the recommended limits for contaminants in different media. 
As an example, the maximum limits of some elements regulated or recommended by different 
organizations in drinking water and in food are summarized in Tables 1 and 2 respectively. 
Among the different analytical methods described in the literature, atomic absorption and 
emission spectroscopies, cold vapor atomic fluorescence and inductively coupled plasma 
techniques (both optical and mass spectrometry modalities) are those commonly used for 
routine analysis of metal ions at low concentration levels. Literature devoted to the application 
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of these techniques to the analysis of metal ions is very abundant and methodologies for the 
determination of these analytes in different samples have been described [9-13]. However, 
simple, rapid, inexpensive and in-situ analysis cannot be allowed with these techniques, at 
least working in the usual way. On other hand, voltammetric techniques are also very suitable 
for the determination of metal ions at small levels of concentration, in particular stripping 
techniques because of their favorable detection limits, sensitivity, capability to multielement 
determination and availability of simple and portable instrumentation. Related with these 
techniques, the development of sensing platforms has opened new possibilities in the 
development of analytical methodologies to perform measurements out of the lab, reducing 
sampling and monitoring costs. Chemical sensors represent a new class of analytical devices 
characterized by their small size, low price, and friendly use, and by the fact that can ideally 
provide information at real time. They can be incorporated to the usual instrumentation used 
in the lab or to specially designed instruments to carry out measurements on site. Sensors 
basically have two well-differentiated parts: i) a recognition element that can be more or less 
complex and interact directly with the analyte, and ii) an instrumental element that transduces 
the interaction with the analyte in a processable signal.  
Voltammetry, in particular with mercury electrodes, has been considered a very powerful 
technique for the analysis of either inorganic or organic analytes, with low detection and 
quantification limits and with high reproducibility and repeatability [14]. Figure 1a (adapted 
from reference [14]) shows a schematic representation of the relative application ranges and 
the concentration limits of conventional voltammetric techniques relative to other analytical 
techniques. Classical mercury electrodes have been particularly interesting for the analysis of 
metal ions by voltammetry. These mercury based electrodes are the hanging mercury drop 
electrode (HMDE), the dropping mercury electrode (DME/SMDE) and the mercury film 
electrode (MFE). These classical mercury devices have the advantages of high sensitivity and 
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reproducibility, high hydrogen overpotential, wide cathodic potential range, e possibility to 
form amalgams and facility to obtain pure surfaces. 
Because of mercury toxicity, in the last decades, some European regulations devoted to the 
banning of exports and safe storage of metallic mercury have caused a policy against this 
material which has led to its almost total disappearance in some products or processes. In the 
case of voltammetry, the use of mercury is not forbidden and many researches still produce 
valuable works with mercury electrodes. However, such restrictive policy has discouraged the 
use of mercury drop and mercury film electrodes, as shown by the slow but continuous 
decrease of publications involving these devices, For instance, in the Web of Science, a fast 
research with the keywords “mercury” and “HMDE, SMDE or MFE” produced 43 matches in 
2010 and 29 in 2016. However, this limitation, instead of reducing the use of voltammetry as 
an analytical technique, has encouraged researches to explore alternative electrode materials 
with features similar to those of mercury but with lower toxicity. The introduction of new 
electrode materials has open voltammetry to new challenges involving the development of 
new electrodic designs that allow moving measurements performed in a classical laboratory to 
in-situ analysis or process control. Hence, the aim of this work is to present a general overview 
of the evolution of electrode materials to build sensors used in voltammetric measurements 
since 2010 until now for the analysis of metal ions, paying especial attention to the recognition 
elements, the relevance of the device modifications, their configurations and their analytical 
applications. 
From classical mercury electrodes used for the analysis of metal ions by voltammetric 
techniques, voltammetric devices have changed greatly over the years. In 2000, bismuth was 
proposed as electrodic material [15]. This metal, with features close to those of mercury and 
the additional advantage of being more environmental friendly, has become a valuable and 
attractive alternative to mercury based electrodes not only for the analysis of metal ions, but 
also for the analysis of organic compounds [16-19]. Subsequently, antimony has been 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
5 
 
considered as another relevant electrodic material, with toxicity higher than that of bismuth, 
but still lower than that of mercury. This electrodic material provides interesting features such 
as favorable hydrogen overpotential, with the plus of a wider operational potential window, 
the possibility of working in very acidic media (pH ≤ 2) and a relatively small signal related with 
its own oxidation [20-22]. Although in some cases solid electrodes based on these materials 
are considered, the use of bismuth and antimony electrodes usually implies the preparation of 
a film coated on a substrate via an appropriate coating method. The use of gold or carbon 
(carbon paste, glassy carbon, carbon ink, boron-doped diamond) electrodes as devices to 
analyze metal ions by voltammetry has been also considered in some classical applications.  
These bare electrodes suffer very often from a lack of sensitivity or selectivity that needs to be 
improved. With the aim of increasing these parameters, an additional step based on the 
modification of the substrate can be included in its fabrication procedure. Thus, modifications 
involving nanoparticles or nanomaterials, which increase the effective surface and improve the 
electro-transfer kinetics, are considered. Other modifications involve conducting polymers, 
ionic liquids, (bio)molecules among others that are devoted to increase the device selectivity. 
Usually combinations of different materials and molecules are considered for electrode 
modifications conferring to the device a hybrid character [23, 24]. Figure 2 shows the most 
relevant aspects to be considered in the development of a voltammetric sensor.  
Another important point that has to be taken into account in the development of 
voltammetric sensors for analytical purposes is the design of the devices to allow 
measurements on-site, with portable instruments,  etc. The use of screen-printed electrodes 
(SPE) or the implementation of sensing systems in more complex platforms (electrode arrays, 
electronic tongues, …) can be also considered in this point. Nowadays, SPEs represent a good 
approach for the preparation of voltammetric sensors, due basically to their simple, accessible, 
low cost and mass production character. The number of publications related to these devices 
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is enormous as it can be seen in these reviews [19,25-29], indicating the strong potential of 
this electrodic design. 
Related to voltammetric techniques, differential pulse voltammetry (DPV) or square wave 
voltammetry (SWV) are preferred if a preconcentration step is not required. However, the use 
of stripping techniques is mandatory when low levels of concentrations have to be 
determined, being anodic stripping voltammetry (ASV) the most common mode for metal 
analysis, although in some cases adsorptive stripping voltammetry (AdSV) is applied. In AdSV, 
the preconcentration step does not involve an electrodic process since the analyte is 
incorporated to the electrode by adsorption through a complexation process with a reagent 
that can be in the bulk solution or previously integrated in the same electrode surface 
(modified electrodes with recognition elements). In both cases, a differential pulse (DP) or a 
square wave (SW) scan is applied in the stripping step [30,31]. Figure 1b shows the most 
relevant voltammetric techniques that can be used with voltammetric sensors. 
Several reviews appear in the literature totally or partially devoted to the analysis of metal 
ions  [23,25-28,32-37], or to the analysis of particular metal ions as platinum group metal [38], 
inorganic arsenic [39] or mercury [40] using modified voltammetric electrodes.  Nevertheless, 
we would like to complement these valuable works with a general, panoramic view of the 
different strategies that have been applied in the last years to substitute mercury electrodes 
by environmentally safer devices in the determination of heavy metals and metalloids. Such 
strategies mainly involve electrode modification, but also combination of electrodes in sensor 
arrays, and intend to not only approach the excellent electrochemical properties of mercury 
but also surpass some traditional limitations of this material for flow or on-site analysis. 
The work includes references since 2010 until now and is structured in tables devoted to the 
main electrode modifiers. Mercury electrodes are the first to be discussed; later classical 
substrates as gold and carbon have been considered. Bismuth and antimony are discussed 
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next as the main alternative to mercury substrate. In each case, different strategies of 
modification are considered, from the simplest to the most complex ones. Selective 
modification with (bio)molecules and biomaterials are subsequently introduced followed by 
methods based on arrays of electrodes and voltametric tongues. A critical evaluation is made 
on the actual improvements achieved in comparison to mercury as well as future perspectives. 
 
Mercury electrodes  
Mercury electrodes have demonstrated to be an excellent tool for the analysis of metal ions. 
The review of Barek et al. [14] summarizes very clearly the most relevant properties of these 
devices, i.e. the easy way to obtain pure surfaces (new drops or thin films can be easily 
created), the generation of a pseudostationary state for linear sweep voltammetry at high scan 
rates, and the large potential range in the cathodic zone (from 0.4 V to -2.5 V depending on 
the supporting electrolyte). These facts, together with their high reproducibility and 
repeatability, are responsible for the good performance of the commercial electrodes. 
Moreover, the favorable signal-to-noise ratio makes these devices very appropriate for the 
analysis of both organic and inorganic compounds, and particularly for the analysis of metal 
ions due to their wide cathodic potential range in which the standard reduction potential of 
most metal ions is included. In contrast, the narrow anodic range hinders the application of 
mercury electrodes to organic substances that can be easily either reduced or oxidized. 
However, as it has been explained in the introduction section, the policy against mercury has 
caused a significant decrease in the use of mercury based electrodes. Table 3 shows some 
published works from 2010 that involve the use of conventional mercury electrodes, together 
with some works that include a modification of the mercury electrode. The evaluation of these 
publications shows that HMDE is used in control analysis of Cd(II), Pb(II), Cu(II) and Zn(II) in 
samples related with real or potential contaminated areas which are presented as case studies 
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[41-53]. ASV has been the voltammetric technique considered and almost all works are more 
focused on the sample and the required treatment than on the method for the analysis of 
these metal ions. However, Rodrigues et al. [54] present an approach to improve the classical 
ASV methodology in which a very cathodic accumulation potential is applied allowing an 
increase of the voltammetric peak current of 5-10 folds. Authors point out that this effect is 
likely due to both mercury drop oscillation at such cathodic potentials and the added local 
convection at the drop surface caused by the evolution of hydrogen bubbles. Although HMDE 
is the most commonly used, MFE has also been proposed [53].  
Cathodic stripping voltammetry (CSV) is a technique closely linked to mercury electrodes, since 
during the accumulation step a complex or an insoluble salt is formed between the analyte 
and the oxidized form of the electrode material. Although this voltammetric mode is mainly 
considered for the analysis of organic compounds, some inorganic anions can also be 
determined, among them some metalloids as selenium, antimony or arsenic. Using this 
technique Se(IV) is determined in milk and dairy products applying in the stripping step a DP 
scan [51]. 
The use of ASV implies the formation of an amalgam. This amalgam can be considered as a 
recognition element which interacts selectively with certain metal ions. Not all the metals or 
metalloids have the same solubility in mercury, or can be easily reoxidized, thus hindering their 
analysis. In these cases, AdSV appears as a good option to determine these compounds at low 
concentration levels. Although this methodology using mercury electrodes is already well 
established, works devoted to the improvement of the analysis of some elements still appear 
in the literature. Among them, those reported by Arancibia et al. [55-59] related with the 
analysis of Sb(III), As(III), V(V) and Co(II) (see Table 3). These authors consider the use of 
ligands containing sulfonic groups, pointing out that the effect of sulfonic groups causes lower 
adsorption of the free ligand on the HMDE, allowing a greater adsorption of the complexes 
and minimizing the competition of the ligand and the complex for the free sites on the 
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electrode surface [55-57]. For the analysis of As(III) in river water [58], an AdSV indirect 
methodology based on the formation of complexes with ammonium pyrrolidine 
dithiocarbamate (APDTC) or ammoniumdiethyl dithiophosphate (ADDTP), prior to the 
formation of an intermetallic compound with copper, was proposed. The application of AdSV 
to the determination of metal ions as Co(II), Fe(III), Ni(II), Cu(II), Zr(IV) or V(V) in human serum 
[60], pore water [61] or natural waters [62] is also described. In these works, the classical 
methodology is improved with the aim to determine these analytes in particular samples. 
Caprara et al. [63] determine Fe(III) in seawater using 2,3-dihydroxynaphthalene as complexing 
agent and exploiting the catalytic effect of atmospheric oxygen. The particularity of this work 
comes from the cell design that allows the determination in 500 µL sample volume. Although 
very good and well stablished ASV methods devoted to the determination of Cd(II) and Cu(II) 
have been published, in [64] an AdSV method for their analysis is presented. 
The irruption in the market of the screen-printed technology has also affected mercury based 
devices. On one hand, screen–printed electrodes (SPEs) constitute a more attractive 
alternative to mercury than solid electrodes, since their disposable character avoids tedious 
polishing, cleaning and activation procedures commonly associated to solid surfaces, which 
have to be reused. On other hand, SPEs can be applied as a new support for the deposition of 
mercury films, with the above-mentioned advantages as compared to conventional solid 
electrode supports. For instance, Zaouak et al. [65,66] report an electrochemically adapted 
automation module with a carbon SPE, modified ex-situ with a very low concentration of 
mercury salt, coupled to a UV-photolysis unit. This apparatus can inform about total 
concentration and potentially bioavailable fraction of Cd(II) and consequently about sample 
toxicity. However, SPEs modified with mercury show important drawbacks because of the 
heterogeneous deposition of Hg on the rough surface of SPE which limits their suitability [67]. 
If one has to use a mercury film anyway, a mirror-like polished glassy carbon electrode seems 
to be a much better option. 
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The ability of mercury to form amalgams with some electrodic materials like gold and silver 
has also been considered to design sensors for the analysis of metal ions, although the 
improvement is not reliable. Nowadays, the use of these materials is combined with a proper 
design to give an added value to the electrode [68-70]. Likewise, the use of mercury oxide as a 
precursor for the formation of a mercury film has also been considered for the determination 
of Cd(II) and Pb(II) in milk samples [71]. 
In the last years, some sensors modified with others materials than mercury, have been 
introduced to increase the sensitivity of such platforms. The group of Prof. Arancibia [72-74] 
modifies glassy carbon electrodes (GCE) by dropping Nafion on the electrode surface and 
coating an ex-situ Hg film. This electrode has been proposed for the analysis of Zn(II), Cd(II) 
and Pb(II) in waters by AdSV using different complexing ligands, although better results are 
achieved with a HMDE and direct SV measurement. The negative Nafion film prevents the 
appearance of a signal related with the free ligand between the Pb(II)- and Cd(II)- complexes 
signals allowing a good resolution of both peaks.  
As it has been explained above, the use of nanomaterials or nanoparticles for the preparation 
of voltammetric sensor devices is very common due to the unique properties of these 
materials that cannot be achieved considering only the classical electrodic substrate. Despite 
of the limited use of mercury, mercury electrodes based on these nanomaterials are 
described. Thus, the in-situ deposition of mercury on the surface of a GCE modified with 
graphene [75] or the formation of mercury-droplets on the surface of a carbon SPE (SPCE) 
modified with multi-walled carbon nanotubes (MWCNTs) [76] are described. Also, a disposable 
gold nanoparticles (AuNPs) amalgam modified SPCE has been proposed for the monitoring of 
Cd(II) in water samples using a portable analytical system developed for on-site environmental 
detection [77]. The use of single-walled nanotubes (SWCNTs) coated on a GCE is also 
considered [78]; the synergistic effect of Hg and Bi, as well as the enlarged activated surface 
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and good electrical conductivity of SWCNTs, contribute to the enhanced activity of the 
electrode. 
In our opinion, traditional drop mercury electrodes, especially HMDE and SMDE, still can play 
an important role for some applications, like in the determination by ASV or AdSV of Cu(II), 
Pb(II), Cd(II), Zn(II) Co(II), Ni(II) and V(V) at ppb levels. This is because none of the attempts 
made has clearly surpassed the superior features of mercury drop, i.e. very wide cathodic 
potential range (allowing simultaneous determination of many ions) and continuous refreshing 
of the electrode surface (minimizing fouling and increasing reproducibility). As for mercury film 
electrodes (MFE), more suitable for in-situ or flow measurements than drop mercury 
electrodes, we believe that the improvements should essentially go in the direction of 
replacing mercury by alternative materials. The development of new supports does not 
significantly improve the characteristics of classical MFE or even those of mercury drops, and 
the electrodes may be more environmentally dangerous than SMDE or HMDE especially if 
concentrated Hg(II) solutions are used to form the film. 
 
Gold electrodes 
Gold electrodes have been, in general, scarcely used for the analysis of metal ions because of 
their limited working potential range at negative potentials and worse detection limits in 
comparison with mercury electrodes. An additional disadvantage of gold electrodes with 
respect to mercury electrodes is their capacity to adsorb anions onto their surfaces. This 
problem can be solved applying a negative desorption potential between the deposition and 
the stripping step. However, the use of Au for the analysis of Hg(II) has demonstrated to be 
very appropriated due to its high mercury affinity that enhances the preconcentration effect. 
Table 4 shows some relevant examples, in which gold electrodes or carbon based electrodes 
modified with AuNPs are considered for the analysis of Hg(II). Locatelli et al. [45-50] describe 
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the analysis of Hg(II) in different biological and environmental samples by SWASV in a classical 
gold electrode. In these works the subsequent determination of Cu(II), Pb(II), Cd(II) and Zn(II) 
with a HMDE is also presented (Table 3).  The analysis of Hg(II) and As(III) in milk and water 
samples is carried out using a gold rotating disc electrode (AuRDE) [52]. The use of gold screen-
printed electrodes (SPAuE), both commercial [79] or prepared in a PET support [80], is also 
considered for the analysis of Hg(II) in natural and contaminated samples. 
The use of AuNPs instead of the classical gold electrode improves the sensitivity in the analysis 
of Hg(II) [81-86]] (Table 4). A rigorous comparison of SPCE modified with nanomaterials or with 
hybrid nanomaterials shows the advantages that can provide the combination of different 
nanomaterials in one device [86]. The deposition of gold on GCE modified with graphene 
(graphene-based gold nanocomposite electrode) has also been reported for Hg(II) 
determination [87].  
In the voltammetric analysis of inorganic arsenic, gold electrodes have demonstrated to be the 
most suitable ones. In the last years, some works devoted to the analysis of As(III) have been 
published in which nanomaterials play a key role [88-90]. While in the case of mercury 
electrodes CSV is the most convenient voltammetric approach for the analysis of As(III), in the 
case of gold electrodes measurements are basically carried out by ASV since the oxidation of 
Au is more difficult than that of Hg.  
Gold based electrodes have also been used for the analysis of Zn(II), Cd(II), Pb(II) or Cu(II) and 
Cr(VI) [91-96], in which the incorporation of gold microwires [91], SPAuE [92] or nanomaterials 
on the device [93-96] are considered. But, in any case, really cathodic reduction potentials are 
not allowed (see Table 4). Alves et al. [91] justified the use of gold microwires electrodes not 
only to allow the simultaneous analysis of Cu(II), Pb(II), Zn(II) and Hg(II) but also to avoid the 
formation of Zn-Cu intermetallic compounds that can affect voltammetric signals of these 
metal ions in mercury electrodes. Rueda–Holgado et al. [92] propose the use of a SPAuE for 
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the analysis of Cu(II) and Pb(II) in atmospheric solid deposits, being the main interest of the 
work the coupling of an atmospheric elemental fractionation sampler to a semiautomatic 
measurement system. Determination of Cr(VI), based on its direct reduction to Cr(III) in highly 
acidic media, has been performed with a gold film carbon composite electrode [97], but the 
surface of the working electrode needs to be modified with a new electroplated gold film 
before each experiment. The use of AuNPs has also been proposed for the modification of 
some electrodes for the analysis of Pb(II) and Cd(II) [93], or Pb(II) and Cu(II) [94,96]. In the first 
work [93], AuNPs were electroless plating on a SPCE modified with graphene; while in 
reference [94] AuNPs were dispersed on a carbon foam structure and the whole was bound to 
a gold surface using chitosan as binder. Carbon foams are a new form of carbon material that 
has been used extensively as electrode material for supercapacitors because of its large 
porosity, good electrical conductivity, and high specific surface area [98,99]. The 
electrochemical deposition of AuNPs on SWCNTs allows [96] the fabrication of a flexible device 
when SWCNTs are created onto a flexible PET support. AuNPs enhanced the stripping peak 
current of metal ions in acidic media without peak splitting compared to the performance of 
bare SWCNT electrodes. The possibility to create a porous gold electrode modified with 
graphene nanodots has also been described for the analysis of Pb(II) and Cu(II) [95], allowing 
the analysis without a preconcentration step.  
In summary, gold electrodes have been classically used in the determination of Hg(II) and, in 
lesser extent, As(III). These applications are still in use with the implementation of AuNPs or 
the inclusion of other nanomaterials on the gold electrode surface, allowing also the 
determination of other metals with acceptable detection limits.  
 
Carbon based electrodes  
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The use of conventional carbon electrodes for the analysis of metal ions has been relatively 
scarce. In this section, we have included those electrodes essentially based on carbon (in its 
different forms) materials. Modifications with other materials are included in the following 
sections depending on the nature of the substrate or the main modifier. The only reference 
found using a GCE has been one related to the analysis of Pb(II) and Cd(II) in poultry and bird 
game meat [100], in which authors determine these analytes after acidic digestion of the 
sample and establish the figures of merit of the methodology with meat reference materials. 
However, in recent years the incorporation of structures based on carbonaceous materials like 
carbon nanotubes (CNTs), carbon nanofibers (CNFs), graphene or conductive diamond has 
become a good option to improve chemical, physical, and electronic properties of the bare 
material. A review devoted to the use of graphene based materials for the determination of 
hazardous ions has been recently published [37]. In Table 5 works devoted to these electrodes 
published since 2010 are presented. Stefanova et al. [101] consider a GCE and a paraffin 
impregnated graphite electrode both modified with MWCNT for the analysis of Pb(II). 
However, the application of DCV measurements allows very poor detection limits. The use of 
the stripping mode, together with the incorporation of Nafion in the device design improves 
the detection limits of the method [102]. Carbon electrodes modified with graphene have also 
been considered [103,104]. In the first case, a graphene ultrathin film electrode is used for the 
analysis of Pb(II) with a good performance [103]. A relevant increase in the sensitivity is 
allowed modifying covalently the surface of a GCE with graphene oxide for the analysis of 
Pb(II) and Cd(II) [104]. 
Boron-doped diamond (BDD) appears as an attractive electrodic material in voltammetric 
analysis due to its particular properties such as a wide potential window in aqueous media, 
low background current, low capacity of adsorption, high stability against corrosion, long-term 
response stability and low dissolved oxygen sensitivity [105,106]. In Table 5, works related 
with the use of BDD based electrodes are presented, in which the analysis of Pb(II) in tap water 
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[107], Cd(II), Pb(II), Cu(II) and Hg(II) in waste water [108] and Zn(II) in environmental rubber 
industry samples [109] are described. Special attention is paid to the analysis of Sb(III) 
reported in [110], which considers edge plane pyrolytic graphite and SPE electrodes, both 
modified with BDD. Although Sb(III) is an element of significant environmental concern, there 
are not many works devoted to its analysis. The use of boron doped nanocrystalline diamond 
is presented in [111,112] for the analysis of Pb(II), Cu(II) and Hg(II), where the reduction of 
diamond grain size improves the sensitivity and the selectivity together with its catalytic 
activity. 
Wei et al. [113] propose the functionalization of MWCNTs with NH3-plasma using the 
modification to enhance the sensitivity for the detection of metal ions taking profit of the 
acid–base interaction between electron-rich amino ligands and electron-deficient metal ions. 
Nowadays the use of pure carbon based electrodes is limited, but they are valued substrates 
for modification as it can be seen in Table 5 and following. In contrast, BDD is a promising 
material with a wide working potential range, but it has important drawbacks as the difficulty 
of being modified. 
 
Bismuth electrodes 
With the publication in 2000 of a work devoted to the use of a bismuth-coated carbon 
electrode for the analysis of metals by Wang et al. [15], the great revolution promoting the 
practical displacement of mercury as electrodic material starts. Since 2000 until now, a great 
deal of works devoted to the use of bismuth electrodes have been published. At this point, we 
want to highlight some reviews, which clearly show the evolution and possibilities of this 
material as voltammetric electrode. In 2005, Wang and Economou [16,17], almost 
simultaneously, wrote the first reviews devoted to this subject, emphasizing its advantageous 
analytical properties and remarking that bismuth based electrodes are especially convenient 
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for stripping analysis due to their capability to form alloys with other metals. Later in 2010, 
Svancara et al. [18] published a commemorative review devoted to the first decade of bismuth 
devices. In 2013 Serrano et al. [19] dedicated another review to bismuth screen-printed 
electrodes, in which the design and the fabrication of these economical disposable devices are 
emphasized. Therefore, in the present work, only the latest investigations not included in 
previous reviews will be considered.  
As it happens with other materials, we can consider not only the bismuth bare or the bismuth 
film electrodes, but also those devices in which although bismuth is the main active material, 
nanomaterials play a key role. At this point, it is important to remark the relevance of the kind 
of bismuth coating to the substrate, being the most general and well established approaches 
the ex-situ plating, the in-situ plating and the “bulk” methods. In the ex-situ plating method, 
bismuth is deposited on the electrodic surface by electroplating in a Bi(III) solution, and later 
the modified electrode is immersed in the measurement solution. In the case of the in-situ 
plating method, Bi(III) is added directly to the measurement solution and bismuth is deposited 
on the electrode surface during the analysis. The “bulk” method implies the presence of a 
precursor in the surface of the device that has been incorporated during the manufacturing of 
the bismuth electrode, and has to be reduced to metallic bismuth prior to the sample analysis. 
The most common precursors are bismuth oxide, bismuth citrate or bismuth aluminate. 
Table 6 shows the most relevant works devoted to the analysis of metal ions published since 
2010, which are not included in reviews cited above. Although bare bismuth electrodes have 
not been considered very often, Armstrong et al. [114] present a bare bismuth electrode (BiE) 
made in-house by melting bismuth needles into a hand-blown glass casing for the individual 
and simultaneous analysis of Pb(II), Cd(II) and Zn(II). De la Gala et al. [115,116] propose the use 
of an electrode, also made in-house, fabricated from a bismuth rod for the analysis of the 
same metal ions in environmental and biological samples. Methodologies involving the 
formation of bismuth film via both in-situ and ex-situ or “bulk” are the most relevant 
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approaches. The use of different designs is also considered, as well as the incorporation of 
nanomaterials or other modifiers. Kawde [117] analyzed Pb(II), Cd(II) and Zn(II) modifying 
different carbon surfaces as glassy carbon (GC), carbon paste (CP) or graphite pencil (GP). Ex-
situ approach is preferred in AdSV analysis, as Segura et al. [118] and Rojas-Romo et al. [119] 
propose for the analysis of Ni(II) and Sb(III) using 1-nitroso-2-napthol and quercetin-5-sulfonic 
acid as chelating agents, respectively. In the first case, a carbon disc electrode was considered 
while in the second a SPCE was used. 
A special design of an electrodic device that allows the analysis of Pb(II) using only 15 µL of 
sample is described in [120]. A paper double-sided conductive adhesive nanostructured carbon 
tape was considered to electroplate the bismuth film. The incorporation of filter paper on the 
electrode surface, together with the incorporation of an Ag/AgCl and a Pt wires, allows 
quantifying migrated Pb(II) from toys by SWASV.  
The use of a precursor is also considered in the fabrication of Bi-electrodes. Sopha et al. [121] 
describe a sensor that includes, mixed with CP, ammonium tetrafluorobismuthate that acts as 
precursor of metallic Bi. On other hand, the ionic character of this precursor provides to the 
electrode an additional benefit that is consequence of the favorable properties of ionic liquids 
when they are included in an electrochemical platform. 
Different approaches have also been considered to lower the detection limits of bismuth 
electrodes for the analysis of metal ions. Thus, Chen et al. [122] prepare a porous carbon SPE 
combining a printing procedure of a graphite based layer doped with CaCO3 powders and the 
subsequent dissolution of these powders. The Bi-film is formed via in-situ, electrodepositing 
Bi(III) together with the target analytes. In [123] a GCE is modified by successive 
electrodeposition of exfoliated graphene oxide (GO) and an in situ plating bismuth film. Other 
approach is the use of mixed metal films as it is presented in [124] or [125], where an in-situ 
Bi-Sb film and an in-situ Sn-Bi film are considered respectively, both using a GCE. In both cases 
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detection limits lower than 1 µg L-1 are achieved. Bi-Sb electrode offers a good performance in 
acidic media (pH≤2), which can be advantageous for trace metal ions analysis. The use of Bi-
nanoparticles (BiNPs) directly embedded on the electrode surface has also been proposed by 
Yang et al. [126] and Lee et al. [127], who design a BiNPs/GCE and a BiNPs/AgPE for the 
analysis of Pb(II), Cd(II) and Zn(II) respectively. In the first case, Nafion is used to fix BiNPs on 
the GC surface. In the second one, the substitution of CP by silver paste as conducting layer 
produces an increase of the sensitivity due to the lower electrical conductivity of silver. Hybrid-
nanomaterials are also considered in [128,129]. In the case of a GCE modified with BiNPs-
enriched nanoporous carbon on graphene sheets (BiNPs-NPC-GS/GCE) [128], the 
differentiation of Tl(I) from Pb(II) and Cd(II) can be achieved. This modification is performed by 
pyrolysis of zeolitic imidazolate nanocrystals deposited on graphene oxide and subsequent in-
situ deposition of BiNPs by chemical reduction of Bi(III) ions by NaBH4. In the second case 
[129], BiNPs are uniformly anchored onto the surface of individual graphene nanosheets, 
which prevent restacking of graphene, resulting in good dispersion in solvents. It is interesting 
to remark that with this device the signal of Cu(II) appears before the oxidation signal of 
bismuth. The use of an electrochemically reduced graphene oxide (ERGO) film to modify a SPE 
[130] or a pencil-graphite electrode [131] has been considered for the preparation of an in-situ 
Bi-film electrode. In both cases, a conditioning step must be applied to the electrode after 
each measurement. 
The use of other compounds, different from nanomaterials, can also be considered to improve 
the performance of the sensor. An example of a complementary compound used in the 
fabrication of sensors is Nafion. Although the basic role of Nafion in sensors for the analysis of 
metal ions is to act as an antifouling coating membrane to decrease the interference of the 
surface-active compounds, sometimes it is used as stabilizer to improve the mechanical 
stability of the bismuth film electrodes [132] or to enhance metal ion preconcentration due to 
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its cation-exchange properties [133,134]. Thus, in Table 6 some electrodes, which include 
Nafion in their composition, are described. Xiao et al. [135] propose for the analysis of Pb(II) 
and Cd(II) an in-situ Bi-sensor based on a well-ordered porous carbon structure doped with 
nitrogen which is mixed with Nafion before the deposition on the surface of a GCE. In this 
work, this modifier allows the entrance and the accumulation of the metal analytes and 
prevents the adsorption of interfering surface active substances on the electrodic surface. 
Other bismuth based electrodes, in which Nafion plays a key role, are also reported in the 
literature to analyze Pb(II), Cd(II) and Zn(II). Dey et al. [136] describe a device in which an ex-
situ Bi film is formed on a CP substrate modified with CNTs; in this electrode a film of Nafion is 
disposed on the bismuth film as a physical protector of the sensor. Huang et al. [137] consider 
a hybrid nanocomposite to enhance the preconcentration efficiency of metal ions and 
accelerate the electron transfer rate at the electrodic interface that consists of one-
dimensional MWCNTs and two-dimensional graphene oxide sheets. Rehacek et al. [138,139] 
consider a pyrolyzed photoresist film (PPF) as substrate for the formation of a Nafion coated 
Bi-film in which Nafion acts as a barrier for biomolecules. These PPFs are highly electrically 
conductive materials with a microstructure similar to that of GC. The main benefit of PPFs is 
their very high smoothness and the possibility to pattern the film before pyrolysis by 
photolithography. This PPF material has also been considered in [140,141] to build in-situ or 
ex-situ Bi-modified pyrolyzed photoresist carbon electrodes for the determination of Ni(II) and 
Cr(VI) by AdSV using as complexing ligands DMG and pyrocatechol violet, respectively. 
Moreover, the use of graphene functionalized with negatively charged poly(sodium 4-styrene 
sulfonate) (PSS) improves the sensitivity and linearity of the analysis of Pb(II) and Cd(II) 
creating more adsorbing sites [142]. 
In general terms, we consider that Bi films are at the moment the best alternative to mercury 
electrodes for metal determination by both ASV and AdSV modes. The provided detection 
limits are slightly higher (in the order of a few µg L-1) and particularly in the ex-situ Bi-film 
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approach the anodic working region is more limited than in HMDE devices, but many of the 
classical applications of mercury electrodes can be carried out with Bi films reasonably well. 
Moreover, the inclusion of nanomaterials as electrode modifiers improves their detection 
limits making Bi based electrodes better. 
 
Antimony electrodes 
A parallelism between antimony and bismuth based electrodes can be established, not only in 
their preparation but also in their applications, although the acceptance of this material has 
not reached the levels of bismuth. As bismuth electrodes, antimony electrodes constituted an 
environmental friendly alternative to mercury based electrodes. On the other hand, antimony 
offers some particular and interesting properties as it has been pointed out in the 
introduction. Apart from a favorable negative overvoltage for hydrogen evolution and a wide 
potential window, antimony electrodes can work in very acidic media (pH < 2). In 2007, the 
first work devoted to antimony as electrodic material was published [20]. Recently, a review 
with an important number of applications devoted to the analysis of metal ions has been 
published [22]. On the other hand, in 2015, a critical paper in which different metal modified 
electrodes were compared for the analysis of Pb(II) and Cd(II) was published [143]. Bismuth, 
antimony, tin, and combinations thereof, were considered as modifiers of GCE, BDD electrodes 
and SPCE.  
In the present review, only the latest works not included in the above-mentioned reviews will 
be considered (see Table 7). Thus, Sosa et al. [144] demonstrate the goodness of an in-situ 
antimony modified SPCE for the simultaneous analysis of Cd(II), Pb(II) and Cu(II) since no 
competition between Cu(II) and Sb(III) for the electrodic surface is noticed. Chen et al. [145] 
describe an antimony film modified sodium montmorillonite doped CPE for the analysis of 
Cd(II), in which Sb is coated in-situ. Sodium montmorillonite (NaMM) is a layered 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
21 
 
aluminosilicate clay mineral that exhibits excellent intercalation properties that facilitates 
adsorption and cation exchange. Commercial SPEs modified with different carbon 
nanomaterials (graphene, CNTs and CNFs) have been tested as electrode platforms for the in-
situ Sb film formation [146], being the CNF modified SPCE the most convenient for the analysis 
of Pb(II) and Cd(II). In [147] an ex-situ SbSPCE is proposed for the analysis of Ni(II) by AdSV 
using dimethylglyoxime as chelating agent. Comparison with an ex-situ BiSPCE and a 
BisputteredSPCE is also performed. 
Sb-film electrodes are also considered for the analysis of rare earth metals [148] or metals of 
the platinum group [149,150] applying AdSV. In reference [148] the analysis is performed using 
alizarine as complexing agent and an in-situ antimony GCE, while in [149] an electrode formed 
by reduced graphene oxide impregnated with Sb-nanoparticle was considered. In reference 
[150] Pd(II) is analyzed using an ex-situ antimony film coated in a SPCE with dimethilglyoxime 
as complexing agent. 
Just to conclude, Sb films, although less popular than Bi films, constitute a valuable and 
complementary alternative to them for measurements in acidic media or under oxidative 
potential (eg. Determination of Cu(II)-ions). As in the case of Bi films, the choice of the 
substrate and the incorporation of nanomaterials can improve the analytical features of Sb 
film electrodes. 
 
Other materials 
Apart from the substrates considered above, other metals, metal oxides, and silica materials 
have also been considered as inorganic electrodic elements for the analysis of metal ions. In 
Table 8 some examples of devices based on these materials are presented. Although the use of 
copper electrodes for the analysis of metal ions is not very common because it is easily 
oxidized, Jovanovski et al. [151] consider a copper film on a GCE for the analysis of Pb(II) and 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
22 
 
Hg(II) due to the advantageous formation of copper alloys or intermetallic compounds. Based 
on the same principles, Pei et al. [152] developed a copper-based point of-care sensor for 
Zn(II) determination in blood serum. In [153] a Ce-impregnated zeolite is used as modifier of a 
CPE and proposed for the simultaneous analysis of Pb(II) and Cd(II). The use of films of metal 
nanoparticles has been considered in references [154-156], in which tin nanoparticles have 
been used to decorate, through an electrodeposition step, the reduced graphene oxide (RGO) 
deposited on a GC sheet electrode (GCSE) [154] for the analysis of Pb(II), Cd(II) and Cu(II). Ni-
nanoparticles were also deposited on a GCE modified with a carbon nanoporous material [155] 
for the analysis of Hg(II) in fish samples; this device takes advantage of the high area and 
roughness of the carbon material which is favourable for dispersion of nanoparticles. Xu et al. 
[156] consider a Sn-Pb hybrid metal electrode, in which the synergic effect between Sn-Pb 
particles and the mesoporous carbon (MPC) used as modifiers of a GCE improves the analysis 
of Cd(II) in river water samples. 
Metal oxides, either nanostructured or not, have been also used in the analysis of metal ions 
due to their morphology, catalytic properties and low toxicity. As well, the use of iron oxides 
has been considered in [157,158] for the analysis of metal ions. In [157] a reduced graphene 
oxide (RGO)-Fe3O4 nanocomposite with high adsorption capacity was examined for the 
analysis of Pb(II), although the influence of Cd(II) and Hg(II) was also studied. In [158] the 
influence of different α-Fe2O3 nanostructures on the electrochemical performance towards 
Pb(II) detection has been studied, demonstrating that  nanorods are more sensitive than 
nanoplates or nanocubes. In the same line, Gao et al. [159], exploiting the adsorbent 
properties of γ-AlOOH, that is used as a solid-phase extraction sorbent for metal ions, modify 
the electrode surface of a GCE with aluminium oxide for the determination of Cd(II) and Pb(II) 
in drinking water. The use of highly adsorptive MgO with hierarchical micro/nanostructure of 
nanoflowers is considered in the electrode developed by Wei et al. [160] for the analysis of 
Pb(II) and Cd(II) in water. NiO-nanosheets with uniformly distributed mesoporosity modifying a 
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GCE allows the analysis of Hg(II) [161]; these nickel structures confer to the electrode a high 
conductivity, a larger surface, and a more efficient electron transfer. Other single oxides 
studied have been CoO [162] for the analysis of Cu(II), and MnO2 [163] for Cd(II) and Pb(II) 
analysis. In the case of MnO2, it was combined with different carbonaceous materials and the 
results found showed that the lowest LODs were achieved with the MnO2/natural graphite 
composite. This is consequence of the highest catalytic activity for Pb(II) and Cd(II) in 
comparison with the other studied carbon materials. Lunsford et al. propose a CPE modified 
with a mixture of zirconium dioxide and titanium dioxide for the analysis of In(II) in the 
presence of Pb(II) [164], and the analysis of Cd(II) and Pb(II) [165] taking profit of the 
adsorptive capacity of both materials. Layered double hydroxides (LDHs) represent an 
important class of host–guest materials that can be useful for the analysis of some metal ions, 
as it has been demonstrated in [166], where the enhanced analytical signal for Cd(II) with 
respect other metals (Pb(II), Hg(II), Cu(II) and Zn(II)) facilitates its analysis. This electrodic 
material also presents a hierarchical flower-like structure. 
Silicon carbide (SiC) is a semiconductor that could be considered as an alternative electrode 
material for ASV applications [167]. Similar to diamond, it shows a high degree of chemical and 
mechanical stability and, from an electrochemical point of view, SiC has a wide potential 
window, relatively low background current and good electrochemical activity in both aqueous 
and non-aqueous solutions. It is particularly interesting for the analysis of Ag(I) which cannot 
be determined in a mercury electrode due to its narrow anodic potential window. Nano-
hollows spheres of MgSiO3 were considered in [168] as a new material for the individual and 
simultaneous analysis of Cd(II), Pb(II), Cu(II), and Hg(II) demonstrating its convenience for the 
analysis of these metal ions in drinking water. 
 
Electrodes modified with molecules 
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The incorporation of organic molecules to the sensing system has essentially been proposed to 
increase selectivity. These molecules, either synthetic or natural, act as receptors and have the 
ability to recognise specifically metal ions. This specific recognition may be due to chemical 
affinity, cavity entrapment or both factors. In this section and in Table 9, we expose some 
relevant examples of electrodes modified with this kind of molecules. These molecules can be 
incorporated to different electrode substrates that have been already modified with 
nanomaterials or/and metal films.  
Teng et al. [169] consider EDTA as modifier of a GCE previously inmobilized in graphene-like 
carbon nitride nanosheets for the analysis of Pb(II). Zhou et al. [170] describe a sensor for 
Hg(II) analysis, based on a graphene oxide (GO)-AuNPs hybrid indium tin oxide (ITO) electrode 
modified with 5-methyl-2-thiouracil (MTU). The goodness of this device could be attributed to 
the enhanced electron conductivity of the nanostructured membrane and the large 
electroactive surface area of the GO-AuNPs hybrid material, together with the expected 
selectivity due to the specific interaction between MTU and Hg(II). Small molecules have also 
been introduced in a sensor developed by Gupta et al. [171] for the analysis of Cd(II) and Cu(II), 
in which a graphene oxide terminated aminophenyl modified GC surface was considered. 
Afkhami et al. [172,173] select different Schiff bases as electrode modifiers, which form 
complexes with the target ions. In [172] they modified a CPE with N,N'-bis(3-(2-
thenylidenimino)propyl)piperazine coated on silica NPs for the analysis of Cd(II), Cu(II) and 
Hg(II) in different complex matrices. In [173] the Schiff base 3-(4-methoxybenzylideneamino)-
2-thioxothiazolodin-4-one and a CPE modified with MWCNTs as base electrode are proposed 
for the analysis of Pb(II) and Hg(II) also in complex matrices, while in [174] 2-
hydroxybezaldehyde benzoylhydrazone is used as modifier of a CPE. The use of CPE modified 
with hexagonal mesoporous silica functionalized with acetyl-acetone by covalent coupling was 
considered by Popa et al. [175]. The high sensitivity achieved is a consequence of its high 
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surface area, the numerous active sites, and the strong adsorption ability of the organically 
functionalized mesoporous silica. 
Ionophores are macrocyclic molecules with well-defined cavities, which have the capability to 
extract selectively certain ions from an aqueous solution. These substances, which have 
commonly been used in polymeric membrane ion selective electrodes as ion carriers, can also 
be used in voltammetric sensors due to their selectivity toward a specific metal ion as Jiang et 
al. described [176]. They consider the N,N,N,N-tetrabutyl-3,6-dioxaoctanedi(thioamide), as 
specific cadmium ionophore, and an in-situ Bi film to improve the performance of the 
electrode.  
Ionic liquids are a further possible modification. They are used not only as pasting binders of 
the CP substrate but also as extractive agent of the analytes. However, electrode modification 
with ionic liquids is combined with the addition of other molecules to increase not only 
sensitivity but also selectivity. Bagheri et al. [177] create a composite electrode using 
graphene, 1-n-octylpyridinum hexafluorophosphate as ionic liquid, that provides enlarged 
active surface area and strong adsorptive capability, and [2,4-Cl2C6H3C(O)CHPPh3] as a new 
synthetic phosphorus ylide that has a specific complexing ability. In [178] the ionic liquid is 
combined with an imprinted polymer that has been specially designed to recognise Hg(II) ions. 
In this work, a CPE is modified with an ionic liquid, the 1-octyl-3-methylimidazolium 
hexafluorophosphate, and impregnated with the imprinted polymer (ethyleneglycol 
dimethacrylate and dithizone) that has Hg(II) selective sites. Ion imprinted polymers have also 
been considered in [179,180]. Thus, Ghanei-Motlagh et al. [179] propose a new strategy to 
prepare the ion imprinted polymer, and the sensor obtained is applied to the analysis of Hg(II). 
In [180] a nanosized silver imprinted polymer was developed for the analysis of Ag(I). In the 
sensor developed by Es’Haghi et al. [181] for the analysis of Cd(II) and Pb(II), a porous 
polypropylene hollow fibre membrane was impregnated with a homogeneous mixture of 
nanomagnetic particles and an ionic liquid (1-butyl-3-methylimidazolium 
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hexafluorophosphate), locating a graphite rod inside the fibre lumen. In this sensor all the 
modifiers allow in only one-step the simultaneous purification, pre-concentration and trapping 
of Pb(II) and Cd(II) from water sample. In [182] the ionic liquid 1-butyl-3-methylimidazolium 
tetrafluoroborate, together with a mesoporous molecular sieve (P123-SH), which contribute 
with a large surface area and an uniform pore size distribution, build a sensor for Cd(II) 
analysis. 
The use of crown ethers as receptors in voltammetric sensors is considered due to their 
conformational flexibility, the presence of multiple binding sites and the high selectivity to 
certain metal ions. These molecules have defined cavities for metal ion complexation 
enhancing their sensitivity and selectivity. Ghanei-Motlagh et al. [183] choose the aza-crown 
ether kryptofix 21 because interacts selectively with Cu(II) ions. The preparation of the 
kryptofix 21-capped AuNPs used to modify the CPE involves a step in which AuNPs are 
functionalized through the formation of a SAM with 11-mercaptoundecanoic acid. In [184] a 
CPE modified with 12-crown-4-ether and MWCNTs prepared by hand-mixing all the 
components was proposed for the analysis of Hg(II) ions in biological and environmental 
samples, while in [185] a CPE was modified with dicyclohexyl-18-crown-6-ether for the analysis 
of Tl(I). Simionca et al. [186] create a siloxane-crown ether polyamide copolymer based 
electrode for the analysis of Pb(II). They consider a SPCE modified by drop coating with a 
solution of the siloxane-crown ether polyamide copolymer dissolved in DMF. 
Conducting polymers containing N or S atoms in their structure can strongly coordinate metal 
ions, and the analysis of these elements with CPs-based electrodes has received considerable 
attention in the last years. Yuan et al. [187] present the modification of three dimensional 
activated graphene nanosheets with a sulfonate-terminated polymer formed by chemical 
polymerization from m-aminobenzene sulfonic acid and aniline to prepare a sensor for the 
simultaneous analysis of Cd(II) and Pb(II). Tao et al. [188] consider, also for the analysis of 
Cd(II) and Pb(II), the polymer thiolated poly(m-phenylenediamine) created on the surface of a 
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GCE via electrochemical polymerization of m-phenylenediamine and mercaptosuccinic acid. 
Ruecha et al. [189] prepare a graphene-polyaniline nanocomposite for the modification of a 
SPCE for the analysis of Zn(II), Cd(II) and Pb(II). Polyaniline is also considered by Wang et al. 
[190] in the fabrication of a sensor to determine Cd(II) and Pb(II) by modifying a GCE via 
multipulse potentiostatic electropolymerization. In these works [187-190] the formation of an 
in situ bismuth film is considered as an additional modification. In [191] the polymeric 
modification performed implies first the formation of a graphene layer on the top of a GCE and 
the subsequent electropolymerization of m-aminobenzene sulfonic acid that enhances ion-
exchange capacity and prevents the adsorption, in real samples, of macromolecules on the 
surface of the electrode. In this sensor the polymeric modification is complemented with the 
formation of an in-situ tin film. Liu et al. [192] fabricate an expanded-graphite paper based 
SPE, also for the analysis of Pb(II) and Cd(II), in which a self-doped sulfonated polyaniline is 
electropolymerized. Subsequently Sb-film is electrodeposited onto the conducting polymer 
surface. Expanded graphite maintains the good properties of graphite and overcome some 
others as hardness or fragility. Another example of antimony modified electrode based on 
conducting polymers is described in [193], in which poly(3,4-ethylenedioxythiophene)-sodium 
dodecyl sulfate is polymerized on the GC surface by electro-cycling scans. The modification 
proposed in [194] considers nanoparticles of a 4,4’-bipyridine-silver coordination polymer 
prepared by chemical modification, which are immobilized on the GCE surface via an organic 
electrodeposited layer that contains phenylmethyl-4,4’-bipyridinium and coordinated silver 
ions. In this work, Hg(II), Cu(II), Pb(II) were determined in fish and plant samples. In [195] a 
highly ordered multilayer graphene-based nanostructure containing polyallylamine 
hydrochloride generated by a layer by layer self-assembly method improved the analysis of 
Cu(II). In [196] the -CN groups of the conducting polymer coordinates Cd(II) and Pb(II) ions and 
improve the preconcentration at the electrode surface. Tyszczuk-Rotko et al. [197] propose a 
thiol-functionalized polysiloxane modified GCE for the analysis of Bi(III). These authors 
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complement the accumulation capacity of the polymer with the in-situ incorporation of porous 
lead NPs in the reduction step. 
Despite the large variety of molecules and immobilization strategies, the main goal of all these 
electrodes is, on one hand, to increase the selectivity towards metals ions that are not easily 
determined by Bi and Sb films and, on other hand, to increase sensitivity. Although detection 
limits have been improved (especially when nanomaterials are involved), scarce progresses 
have been made with regard to the metal ions determined, since most of the works are 
devoted to the determination of the “typical metal ions” Cd(II), Pb(II), Cu(II) and Hg(II). The 
main advantatges of this approach is that lie on cheap reagents, robust modification 
procedures and durable materials. The main drawback is that they usual require a cleaning or 
conditioning step after each measurement. We expect that, once tested the “classical” metals, 
these electrodes can be used for a large number of analytes and can provide a wide variety of 
metal sensors suitable not only for individual measurements but also to be integrated in 
voltammetric electronic tongues. 
 
 Electrodes modified with biomolecules and biomaterials 
In this section, a group of sensors in which the element that provides sensitivity and selectivity 
to the device is a biomolecule or a biomaterial are presented. These elements are combined 
with other modifiers that usually allow the attachment with the substrate and/or improve the 
sensitivity.  
Table 10 shows examples of sensors based on the immobilization of small peptides or biothiol 
compounds [189-193]. D-Penicillamine [198] and glutathione [199] have been considered by 
Pérez-Ràfols et al. to modify a GCE and a commercial carbon nanofibers screen-printed 
electrode (SPCNFE) via an electrografting procedure. This strategy allows the formation of 
stable complexing monolayers: the recognition molecule is immobilized on aryl diazonium salt 
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monolayers anchored onto the electrode surface. This strategy can overcome the major 
limitations of thiol self-assembled monolayers, mainly the limited reproducibility and the 
weakness of the binding to the electrode surface. The modified electrodes were applied for 
the simultaneous analysis of Cd(II) and Pb(II) in wastewaters. In [200] the immobilization of the 
Gly-Gly-His peptide is also performed by electrografting and it is applied to the analysis of 
Cu(II); in this work the preconcentration step is performed at open circuit and the media is 
changed for the measurement step. In [201], where an accumulation at open circuit is also 
included, different thiolate amino acids are proposed for the modification of a CPE; in this 
case, the paste electrode is prepared including also AuNPs and an ionic liquid. Viguier et al. 
[202] consider self-assembled peptide nanofiber for the modification of a gold electrode and 
an accumulation step at open circuit. In those cases, a regeneration of the electrode is 
recommended after each measurement. Modification with metallothioneins (MT), proteins 
containing a great number of cysteine units in their structure, is considered in [203,204]. In 
these works Ag(I) is determined analyzing the decrease of MT oxidation signal consequence of 
its complexation with Ag(I) [203], or analyzing the increase of the signal related with the 
oxidation of an Ag-MT complex [204]. In any case, the accumulation step is carried out at open 
circuit and a medium exchange is required before the measurement step. Also related with 
Ag(I), Liu et al. [205] consider the modification of a GCE with CNTs and guanine for Ag(I) 
determination following the observation that only Ag(I) shows a strong inhibitory effect on the 
electrocatalytic oxidation of guanine among a number of studied metal ions. Thymine is 
considered as biomodifier for the analysis of Hg(II) ions in [206,207]. In both cases, the 
thymine modification is performed via self-assembled layers, and the accumulation and 
measurement steps are essentially similar.  
The use of biopolymers like chitosan is also considered in [208,209], since biopolymers are 
able to form films, and have high water permeability, good adhesion, biocompatibility, 
nontoxicity, high mechanical strength and are susceptible to chemical modifications. In the 
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case of chitosan, the presence of reactive amino and hydroxyl functional groups, that lead to a 
large hydrophilic surface, is especially relevant for the analysis of metal ions; thus their analysis 
is considered in these works as it is shown in Table 10. 
Modification with biomaterials is also considered in the development of sensors for metal ion 
determination. These devices are named biosensors. The term biosensor includes a group of 
sensors in which the mechanism that provides selectivity and sensitivity to the device is based 
in a biochemical one. Although biosensors are associated with the analysis of organic 
compounds or analytes of biological interest, they are also applied to the analysis of trace 
metal ions. In Table 10 examples of these devices published in the last years are presented. 
The modifications performed in these devices and the measurement procedures are in general 
relatively simple, similar to the ones already presented in previous Tables; however, mainly in 
enzymatic devices, the complexity of the fabrication, preservation and measurement 
procedure make them limitedly useful for routine analysis, at least in the present stage of the 
research. Moyo et al. [210-212] consider maize tassel as modifier due to its high sorption 
capacity of metal ions at low concentration levels. In the first work [210], a maize tassel CPE is 
studied for the analysis of Cu(II), where the accumulation step is carried out at open circuit and 
in the potential scan step the reduction of Cu(II) ions takes place. While in [211,212] 
horseradish peroxidase is also added as modifier and the resulting electrode is transformed in 
an inhibitor biosensor (the reduction process of hydrogen peroxide is inhibited by the 
presence of metal ions). 
In [213] a microbial biosensor is presented for the analysis of Pb(II). In the analytical procedure 
a medium exchange between the accumulation (at open circuit) and the potential scan step is 
performed. The use of Phormidium algae is proposed in [214] also for the analysis of Pb(II), 
being the analytical procedure similar to that presented in the previous work of the same 
authors [213]. In this case, cell wall components of the algae, such as alginate and fucoidan, 
act as suitable sorbents for metal detection. Prasad and Fatma [215] modify a carbon pencil 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
31 
 
electrode for the analysis of Cu(II) with an algae (Aulosira sp.) through an one ion monomer 
imprinted polymer. The same alga is used in [216] to create a “complex template” imprinted 
polymer also for the analysis of Cu(II). Authors consider algae as a cheap substitute of 
MWCNTs. 
Structures related with nucleic acids have also been considered in the literature. Diculescu et 
al. [217] have recently written an interesting work devoted to DNA as biomaterial for the 
construction of sensors. In this work, a section related with DNA-sensors for metal ions is 
presented. In Table 10 some examples related with this biomaterial are described. In [218] the 
analysis of Ag(I) ions is performed using a DNA sensor in which the dye ethyl green has also 
been incorporated along the modification process. In the presence of Ag(I), the reduction peak 
of the dye accumulated on the electrode decreases as a consequence of the hybridization of 
the probe with target DNA by forming C–Ag(I)–C base pairs. Li et al. [219] prepare a biosensor 
in which an aptamer is immobilized in a SiO2-Pt@meso-SiO2 core–shell nanoparticles modified 
graphene fluorine doped tin oxide electrode. The device is proposed for the analysis of Zn(II) in 
human blood and disrupted human cells. In [220] tetrahedron-structured DNA in combination 
with a functionalized oligonucleotide is proposed to develop a ‘‘turn-on’’ biosensor for Hg(II) 
ions. In [221,222] DNA-enzyme based electrodes are investigated. These works provide 
extremely low detection limits and very wide linearity ranges (in logarithmic scale), which 
should be confirmed in further works by the application to real samples, since the reported 
performance appears to be too optimistic (especially in reference 221). 
Thus, as compared to the modifications of the previous section, the use of relatively simple 
and cheap biomolecules with especial affinity for metals present similar advantages and not 
many drawbacks. In addition, they can also be used as individual sensors or in combination 
with other sensors giving rise to a sensor array. Concerning to the use of biomaterials, as it is 
already discussed, the advantages are not so clear. 
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Electrode arrays 
Until here, we have considered sensing systems in which a single working electrode is used. 
However, the possibility to group electrodes in an array has been considered by some authors 
for the analysis of metal ions. In this point, it would be interesting to point out what is 
considered as electrode array or sensor array. Electrode or sensor arrays were introduced with 
two different purposes: i) identical electrodes working in parallel to enhance the analytical 
response; ii) different electrodes working simultaneously giving rise to independent and cross-
reponses. 
In this section and in Table 11 examples related with arrays formed with identical electrodes 
giving an unique response are presented. Table 11 shows how an array of 96 SPAuE has been 
considered for the analysis of Pb(II) providing a large number of replicates of the same 
measurement [223]. Authors point out that measurements of the different electrodes should 
be processed together with a pattern-recognition chemometric tool as PCA, PLS or ANN. 
Kanyong et al. [224] present an array of 8 SPCE modified with AuNPs for the analysis of Cu(II) 
and Pb(II) in tap water. The work is devoted basically to the fabrication and performance of the 
device. However, the implementation of microelectrode arrays (MEAs) is nowadays a subject 
of great interest. MEAs take profit of the particular advantages of the individual 
microelectrodes consequence of their small size: the diffusion of the analyte to the electrode 
surface turns from linear to radial, resulting in enhanced mass transport. On other hand, 
microelectrodes also present decreased ohmic drop, enhanced signal-to-noise ratios and lower 
capacitive currents. In these devices, individual microelectrodes operate in parallel achieving a 
significant improvement in the current magnitude [225-227]. Wan et al. [228] design an array 
of gold microelectrodes that include on the same wafer a light addressable potentiometric 
sensor for pH measurement which is applied for the a analysis of Zn(II), Pb(II) and Cu(II). 
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Kokkinos et al. [229-231] develop a Bi-MEA for the analysis of Pb(II) and Cd(II) by ASV or Co(II) 
and Ni(II) by AdSV. The use of ensembles of nanoelectrodes randomly distributed is considered 
by Mardegan et al. [232,233] who develop bismuth modified ensembles of gold 
nanoelectrodes and ensembles of gold nanowires electrodes for the analysis of Pb(II) and 
As(III), respectively. 
 
 
Voltammetric tongues 
Classical research lines in the field of chemical sensors have focused on the development of 
more selective and sensitive devices that could determine simultaneously several species. 
These electrodes can be used for metal determination as a single-electrode sensor allowing 
the simultaneous determination of several metal ions when non-overlapped peaks are 
obtained. However, the analysis of real samples implies very often measurements of complex 
mixtures of metals with intricate voltammetric responses including overlapped peaks, signal 
shifts or with interactions between metals that cannot be resolved using a single- electrode 
sensor. The use of several electrodes grouped in sensor arrays is an efficient strategy to 
address this problem: these systems show a profitable cross-response performance, although 
presenting a low selectivity. The resulting platform formed by a group of different electrodes 
constitute a multisensor array also named (bio)electronic tongue that provides a multivariate 
response [234-237]. The use of an electronic tongue approach involves a change in the 
experimental design that requires not only of a multichannel potentiostat but also involves a 
large number of samples for calibration and validation. A key point of electronic tongues is the 
analysis of data that requires the use of chemometrics. Designs of electronic tongues based on 
voltammetric measurements since 2010 until now are summarized in Table 12. It should be 
pointed out that the development and application of electronic tongues to the determination 
of trace metals has been scarce until now, in contrast with numerous applications in the field 
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of food analysis, which is more focused on the overall characterization of samples than on the 
quantification of specific analytes. 
References [238-242] are devoted to the development of voltammetric tongues considering 
groups of electrodes prepared in a similar way to those described in previous Tables. Thus, in 
[238] three graphite-epoxy composite electrodes with different peptides immobilized onto the 
surface through a diazonium salt by electrochemical grafting have been considered. In 
references [239,240] crown ethers are considered as modifiers and deposited via 
electrografting through diazonium salts. In [241] the electronic tongue comprises SPCNFEs 
modified with both antimony via ex-situ and a crown ether, whereas in [242] the four 
electrodes of the array are a SPCE, an ex-situ antimony SPCNFE and two peptide modified 
SPCNFEs. For data treatment artificial neural network (ANNs) [238-240] and partial least 
squares (PLS) [241,242] were considered. 
In references [243-245] microelectrode arrays are combined with other devices like multiple 
light-addressable potentiometric sensor (MLAPS) [243], impedimetric sensor of platinum 
interdigitated array of electrodes [244], and single light addressable potentiometric sensor 
[245]. Finally, in [246] a nanoband electrode array (NEA) together with a light addressable 
potentiometric sensor are considered. These devices could be understood as hybrid sensors 
more than as electronic tongues.  
Just to summarize, voltammetric electronic tongues are a promising strategy to deal with 
complex mixtures of metal and metalloid ions. However, their consolidation as a routine 
analysis tool depends on the developments in the fields of electrode modification, 
multichannel data acquisition and chemometric methods for data treatment. 
 
Conclusions 
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For a long time since the invention of polarography heavy metals and some metalloids had 
been electrochemically analysed mostly with mercury electrodes and only a minority of 
authors proposed modifications of solid or carbon paste electrodes as an alternative to the 
mercury hegemony. 
However, when in the new century safety and environmental considerations advised against 
mercury, an intensive research started to find substitutes for such a valuable but toxic 
material. The research focus was not obvious and multiple options were tested, encouraged by 
the increasing popularity and commercial availability of nanomaterials, biomolecules and 
screen-printed electrodes. The possibility of miniaturization and integration of different 
electrodes in multi-sensor platforms, with independent sensing or with cross-response of the 
sensors, and the development of powerful chemometric tools for the multivariate data 
treatment have also contributed to increase the number of publications on the mercury-free 
electrochemical analysis of heavy metals and metalloids. 
Although, in the context of green chemistry, mercury replacement is the main driving force, 
the above-mentioned research also pursues the confirmation of voltammetry as a simple, 
reliable and economic alternative to ICP methods for the screening of multiple samples and for 
the in-situ monitoring of heavy metal contamination. Indeed, a fast comparison between 
Tables 1-2 and Tables 3-12 shows that practically all the works considered in the review have 
been devoted to the determination of elements of major concern for health and 
environmental protection agencies. Among them, lead and cadmium are ubiquitous but, in 
general, reviewed publications do not show a huge improvement in the analysis of these 
metals as compared to conventional drop or mercury films electrodes, except for the fact that 
mercury is not used. Anyway, we should be moderately critical about this point, since many 
proposed methods are really innovative and need a validation with some ‘model’ analytes 
such as lead and cadmium (electrochemically reacting at intermediate potentials and 
exhaustively studied with different electrodes) before they can be applied to more 
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problematic elements like chromium, molybdenum or manganese (hardly cited or absent in 
the review) (Table 1). Another group of analytes not included in Tables 1-2 but deserving more 
attention in ‘mercury-free’ voltammetric literature is that of platinum-group elements (PGE), 
which are of increasing concern in pharmaceutic industry and environmental protection due to 
their intensive use as catalysers.  
At this point, we want to stress the difficulties of comparing methods based exclusively on 
detection limits, since this figure of merit is estimated by the authors using different 
approaches. Unfortunately, in many cases, the signal-to-noise ratio approach is used, which 
frequently underestimates the LOD value as this approach does not take into account the 
baseline effects, which can be really important at so low concentrations. Additionally, when a 
deposition step is involved, it is not trivial to compare methods with very different 
accumulation times. Finally, matrix effects are differently considered in the reviewed works 
and it is hard to compare calibration plots made with synthetic solutions or real samples. 
Therefore, we consider that the goodness of the proposed devices should be judged in terms 
of applicability to real samples. 
Nowadays we are living a time of maximum creativity and diversity of proposals which, as 
pointed out before, are mostly in the early stage of ‘proof of concept’ (just tested with 
standards in synthetic solutions) or in the slightly more advanced step of validation with real 
but ‘friendly-matrix’ samples (e.g. river or estuarine waters, either spiked or not). In our 
opinion, we are still far from the cheap, reliable and robust solutions that could result in 
commercial equipment. Nevertheless, so many promising methodologies have been proposed 
and investigated by now that we are invited to believe that in the next years some of these 
could succeed in the following challenges: 
- Multielement determination. The works cited in the review simultaneously determine a 
maximum of 4 elements (typically 2-3 elements). In order to compete with ICP methods, a 
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larger number of metals and metalloids should be determined in a single measurement. This 
could be achieved, for instance, by integrating in a single device many electrodes sensitive to 
several metals or modifying electrodes with wide-spectrum reagents able to preconcentrate 
simultaneously many analytes. In both cases, the accumulation and probable overlapping of 
signals from multiple species would surely require the development of customized 
chemometric methodologies for the data treatment. 
- Analysis of complex matrices. A really robust screening or monitoring system should work 
properly in the presence of complex matrices containing organic and inorganic ligands, 
macromolecules, colloid and suspended particles... Unfortunately, voltammetry is very 
sensitive to matrix effects. The most dramatic case is when organic matter or particles get 
massively attached to electrodes and block the current, leaving the measuring device useless. 
Under less extreme conditions, matrix effects can allow measurements but seriously affect the 
relationship between currents and concentrations, producing a large error when comparing 
with the signals obtained with standards in simpler media. These problems could be overcome 
by finding suitable protection membranes (e.g., improved versions of Nafion) and/or 
developing chemometric methodologies analogous to the well-known univariate approaches 
of standard addition or inner standard calibration. 
- Cheap, simple and portable solution for screening, in-situ measurements and flow systems 
monitoring. This condition is quite restrictive for devices that are too expensive (e.g. involving 
expensive materials or reagents) or too fragile (e.g. involving biological materials that can be 
preserved just for a short time under controlled conditions). It can be achieved by designing 
durable electrodes resistant to fouling and producing small signal drifts or implementing 
systems based on cheap, reproducible and disposable electrodes to be changed after one or a 
few measurements. We also remark that the data treatment should be not excessively difficult 
or time-consuming and, ideally, it should be implemented in the measuring instrument.  
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Undoubtedly, the first research lines fulfilling such enormous but still realistic challenges 
would be ready to commercially produce cheap and portable electrochemical instruments as a 
complement to the accurate yet expensive and non-portable atomic spectrometers for the 
screening, monitoring and in-situ analysis of heavy metals and metalloids in environmental, 
industrial and biological samples.  
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Figure captions 
 
Figure 1. a) Application and working concentration ranges of some analytical 
techniques compared with the requirements in different fields (adapted from reference 
14). b) Different voltammetric modes used in chemical analysis. 
 
Figure 2. Possible supports, substracts and strategies of modification of voltammetric 
sensors for the analysis of metal ions. 
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Table 1. Maximum levels of some elements in drinking water regulated or recommended by different organizations. 
Element 
Maximum levels (μg L
-1
) 
EC
a 
EPA
c 
WHO
e 
Pb 10 15
 
10 
Cd 5 5
 
3 
Hg 1 2
 
1 
As 10 10
 
10 
Sb 5 6
 
20 
Cr 50 100
 
50 
Cu 2000 1300
 
2000 
Se 10 50
 
10 
Tl - 2
 
- 
Mo - - 70 
Ni 20 - 20 
Zn - 5000
 
3000 
Mn 50
b 
50
d 
- 
Fe 200
b 
300
d 
- 
Ag - 100
d 
- 
 
a: Council Directive 98/83/EC  of 3rd November 1998 on the quality of water intended for human consumption, amended by Commission Directive (EU) 
2015/1787 of 6 October 2015. 
b: Indicator parameters (non-compulsory). 
c: When not otherwise indicated, USA Environmental Protection Agency (EPA) National Primary Drinking Waters Regulation (compulsory) 
d: EPA National Secondary Drinking Waters Regulation (non-enforceable guidelines) 
e: Guidelines for Drinking-water Quality, 3rd Ed. Vol. 1: Recommendations. World Health Organization (WHO), Geneva, 2004. 
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Table 2. Maximum levels of some elements in food regulated or recommended by different organizations. 
 
 
a: Commission Regulation (EC) No 1881/2006 of 19 December 2006 setting maximum levels for certain contaminants in foodstuffs, modified by Commission 
Regulation (EC) No 629/2008 of 2 July 2008 
b: General Standard for Contaminants and Toxins in Food and Feed (CODEX STAN 193-1995) Adopted in 1995 Revised in 1997, 2006, 2008, 2009. Amended in 2010, 
2012, 2013, 2014, 2015. FAO/WHO. 
c: depending on the type of fish, cereal or vegetable 
d: As methylmercury 
 
 
  
Element 
Wine (μg L
-1
) 
Raw milk 
(μg kg
-1
) 
Meat  
(bovine, sheep, 
pig and poultry) 
(μg kg
-1
) 
Fish muscle 
(μg kg
-1
) 
Bivalve molluscs 
(μg kg
-1
) 
Cereals, legumes and 
pulses  
(μg kg
-1
) 
Fruit  
(except small 
fruits & berries)  
(μg kg
-1
) 
Vegetables 
(μg kg
-1
) 
Fats and oils 
(including milk fat) 
(μg kg
-1
) 
EC
a
 
FAO/ 
WHO
b
 
EC
a
 
FAO/ 
WHO
b
 
EC
a
 
FAO/ 
WHO
b
 
EC
a
 
FAO/ 
WHO
b
 
EC
a
 
FAO/ 
WHO
b
 
EC
a
 
FAO/ 
WHO
b
 
EC
a
 
FAO/ 
WHO
b
 
EC
a
 
FAO/ 
WHO
b
 
EC
a
 
FAO/ 
WHO
b 
Pb 200 200 20 20 100 100 300 300 1500  200 50-300
c
 200 100 100-300
c 
 100 100 
Cd     50  50-300
c 
 1000 2000 100-200
c 
100-400
c
   50-200
c
 50-200
c
   
Hg       1000 500
d 
          
As                  100 
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Table 3. Mercury based electrodes. 
Electrode Analyte Technique Sample Detection limit  Linear range  Comments Reference 
HMDE Cd(II) 
Pb(II) 
Cu(II) 
Zn(II) 
DPASV 
 
Poultry feeds Zn(II): 0.69 μg kg
-1
 
Cd(II): 0.35 μg kg
-1
 
Pb(II): 0.68 μg kg
-1
 
Cu(II): 0.24 μg kg
-1 
--- - Measurements in an acetate buffer (pH 5) media. 
- Ed = -1.05 V, td = 120 s, potential scan from -1.2 V to 0.15 V 
(scan rate 10 mV s
-1
). 
- Objective: control of metal content. 
- Levels of Cd(II) and Pb(II) found are greater than the 
maximum tolerable which could be harmful for poultries. 
[41]  
 
HMDE Cd(II) 
Pb(II) 
DPASV Soil, plants, air 
particulate, 
water, 
phosphate ore 
(raw and 
treated) and  
fertilizer 
samples 
--- --- - Measurements in an acetate buffer (pH 4) media. 
- Control analysis of different materials close to a Syrian 
phosphate industry and in the vicinity of phosphogypsum 
piles.  
- Other metal ions were also analyzed: Zn(II), Cr(III) and 
Cu(II) by AAS; Se(IV), Ni(II), As(III) and Hg by NAA. 
[42]  
 
HMDE Cd(II) 
Cu(II) 
Zn(II) 
ASV Muscle, gill 
and liver 
tissues of fish 
species 
--- --- - Measurements in an acetate buffer media. 
- Ed(Cd(II)) = -0.75 V, Ed(Zn(II)) = -1.0 V, Ed(Cu(II)) =  -0.25 V. 
- Concentrations of Cu(II), Cd(II), and Zn(II) are significantly 
lower than the permissible FAO/WHO levels. 
[43]  
 
HMDE Pb(II) 
Cd(II) 
Zn(II) 
Cu(II) 
ASV Water, 
sediments and 
fish 
--- --- -The objective is the evaluation of the quality of the aquatic 
environment of the Plitvice Lakes National Park based on 
the analysis of ecotoxic metal ions in different 
compartments. 
- Hg is determined by cold vapor AAS. 
[44]  
HMDE 
 
Cd(II) 
Pb(II) 
Cu(II) 
Zn(II) 
SWASV Environmental 
and food 
samples 
--- --- - Ed = -1.15 V, td = 210 s, potential scan from -1.15 V to 0.10 
V (scan rate 100 mV s
-1
). 
- Analysis of Hg(II) is performed with gold electrode. 
[45-50] 
 
HMDE Pb(II) 
Cd(II) 
Zn(II) 
Cu(II) 
Se(IV) 
DPASV: 
(Pb(II), Cd(II), 
Zn(II), Cu(II)) 
DPCSV: 
(Se(IV)) 
Milk and dairy 
products 
Pb(II): 0.25 μg L
-1
 
Cd(II): 0.12 μg L
-1
 
Zn(II): 0.05 μg L
-1
 
Cu(II): 0.04 μg L
-1
 
Se(IV): 0.14 μg L
-1
 
Pb(II): 0. 5-200 μg L
-1
 
Cd(II): 0.3-220 μg L
-1
 
Zn(II): 0.1- 500 μg L
-1
 
Cu(II): 0.1-450 μg L
-1
 
Se(IV): 0.4-120 μg L
-1
  
For Pb(II), Cd(II), Zn(II): 
- Measurements in a 0.3 mol L
-1 
phosphate buffer (pH 6) 
media. 
- Ed = -1.10 V, td = 20 s, potential scan from -1.15 V to 0 V 
(scan rate 40 mV s
-1
). 
For Cu(II): 
- Measurements in a 0.3 mol L
-1
 ammonia buffer (pH 9. 5) 
media. 
[51]  
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- Ed = -0.2 V, td = 20 s, potential scan from -0.5 V to 0 V (scan 
rate 40 mV s
-1
). 
For Se(IV): 
- Measurements in a phosphate buffer (pH 2) media. 
- Ed = -0.3 V, td = 20 s, potential scan from -0.1 V to -0.9 V 
(scan rate 40 mV s
-1
). 
- The objective is to determine metal ion concentrations in 
dairy products in different industrial areas of Iran. 
- In all cases levels found were below the permissible limits. 
- The order of metal concentrations in all milk and other 
dairy products is Zn > Cu > Pb > Se > Cd. 
HMDE Pb(II) 
Cd(II) 
Zn(II) 
Co(II) 
DPASV Milk and water 
samples 
Pb(II): 0.006 μg L
-1
 
Cd(II): 0.007 μg L
-1
 
Co(II): 0.047 μg L
-1
 
Zn(II): 0.013 μg L
-1
  
--- - Measurements in a 0.1 mol L
-1
 potassium chloride/acetate 
buffer (pH 4.0) media.   
- Ed = -1.3 V, td = 60 s, potential scan from -1.1 V to 0.0 V 
(scan rate 50 mV s
-1
). 
- Analysis of Hg(II), As(II) is performed with gold electrode. 
[52] 
HMDE Cd(II) 
Pb(II) 
Cu(II) 
Zn(II) 
DPASV 
Over-
potential 
deposition 
--- --- --- - Measurements in an acetate buffer (pH 4.8) media. 
- Ed = -2.20 V, td = 10 s, potential scan from -1.4 V to 0.1 V 
(scan rate 20 mV s
-1
). 
- Use of very cathodic accumulation potentials at which 
solvent reduction occurs. 
- A 5-10 fold signal increase respect to classical methodology 
(Ed = -1.40 V). 
[54]  
TMFE Cd(II) 
Pb(II) 
Cu(II) 
SWASV 
 
Sea water and 
particulate 
fraction 
Cd(II),  Pb(II), Cu(II): 
0.001 μg L
-1
 (at td 5 
min) 
--- - Measurements in a hydrochloric acid media. 
- Ed = -0.975 V, td = 3 - 10 s, potential scan from -0.90 V to 0.0 
V. 
- Metal contamination related with a shipwreck lying 
(Coastal Adriatic sea).  
- Concentrations of Cd(II) and Pb(II) will exceed the legal 
limits after 2015 if the hulk is not removed. 
[53]  
HMDE Sb(III) SWAdSV 
 
Tap and 
commercial 
mineral water 
0.0036 μg L
-1
       
 
up to 10.0 μg L
-1
  - Ligand considered: quercetin-5′-sulfonic acid. 
- Measurements in a Britton-Robinson buffer (pH 5.5) 
media. 
- Ed = -0.10 V, td = 60 s, potential scan from -0.05 V to -1.4 V.  
[55]  
 
HMDE Sb(III) SWAdSV 
 
Mineral water 0.1 μg L
-1
 (HQ),
 
 
0.014 μg L
-1
 (HQS) 
 - Ligand considered: 8-hydroxyquinoline (HQ) and 8-
hydroxyquinoline-5-sulfonic acid (HQS). 
- Measurements in an acetate buffer (pH 5.4) media for HQ 
and phosphate buffer (pH 2.2) media for HQS. 
[56]  
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- Ed = -0.10 V, td = 30 s, potential scan from -0.15 V to -1.0 V. 
- Effect of the presence of a sulfonic acid group in the ligand 
structure. 
- Sensitivity is higher when HQS is used.  
HMDE V(V) DPAdASV Tap, purified 
drinking and 
river water 
0.23 μg L
-1
 up to 0.35 μg L
-1
 - Ligand considered: quercetin-5′-sulfonic acid. 
- Measurements done in the presence of KBrO3 (35 mmol L
-
1
) in the media as an oxidant to increase the vanadium 
reduction signal. 
- Measurements in a Britton-Robinson buffer (pH 7) media. 
- Ed = -0.0 V, td = 30 s, potential scan from -0.1 V to -1.0 V 
(scan rate 50 mV s
-1
). 
[57] 
HMDE As(III) DPAdSV 
 
Drinking and 
river water 
0.08 μg L
-1
 (APDTC) 
0.27 μg L
-1
 (ADDTP) 
0.50-3.00 μg L
-1
 (APDTC) 
2.50-15.00 μg L
-1
 
(ADDTP) 
- Ligands considered: ammonium pyrrolidine 
dithiocarbamate (APDTC) and ammoniumdiethyl 
dithiophosphate (ADDTP). 
- Measurements in a 2.00 mol L
-1
 hydrochloric acid media. 
- Ed = -0.40 V, td = 80 s for APDTC, and Ed = -0.30 V, td = 80 s 
for ADDTP, potential scan from -0.3 V to -1.9 V (scan rate 10 
mV s
-1
). 
- Adsorption process based on the formation of complexes 
with APDTC or ADDTP prior to the formation of an 
intermetallic compound with Cu(II). 
- The presence of a cationic surfactant 
(cetylpyridiniumbromide) improved the sensitivity. 
[58]  
 
HMDE Co(III) SWAdSV 
 
Different 
waters 
0.02 μg L
-1
 0.0-40.0 μg L
-1
 - Ligand considered: pyrogallol red.  
- Measurements in a 0.05 mol L
-1
 HEPES buffer (pH 7.8) 
media. 
- Ed = -0.40 V, td = 60 s, potential scan from -0.4 V to -1.3 V 
(scan rate 126 mV s
-1
).  
- The interference of Ni(II) and Zn(II) is considered. 
- This method considerably exceeds the separation obtained 
with DMG and others ligands for Co(III), Ni(II) and Zn(II) 
signals. 
[59]  
 
HMDE Co(III) 
Fe(III) 
Ni(II) 
DPAdSV Human serum --- --- - Ligand considered: dimethylglyoxime for Ni(II) and Co(III) 
and 5-Br-PADP for Fe. 
- Measurements in an ammonium acetate buffer (pH 8.3) 
media. 
- Ni(II) and Co(III): Ed = -0.90 V, td = 180 s, potential scan from 
-0.9 V to -1.3 V (scan rate 4 mV s
-1
); Fe(III): Ed = -0.65 V, td = 
[60]  
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180 s, potential scan from -0.65 V to -0.76 V (scan rate 2 mV 
s
-1
). 
- Correlation study between metal content in serum and 
hepatitis B and C is considered. 
HMDE Co(III) 
Cu(II) 
Fe(III) 
Ni(II) 
V(V) 
DPAdSV 
 
Pore water Co(III): 0.0023 μg L
-1
  
Cu(II): 0.0057 μg L
-1
 
Fe(III): 0.07 μg L
-1
 
Ni(II): 0.03 μg L
-1
 
V(V): 0.13 μg L
-1
 
Co(III): up to 3.53 μg L
-1
 
Cu(II): up to 5.1 μg L
-1
  
Fe(III):  up to 11.2 μg L
-1 
Ni(II): up to 11.7 μg L
-1
 
V(V): up to 15.3 μg L
-1
  
- Ligand considered: a mixture of DMG and catechol. 
- Measurements in a HEPES buffer (pH 7.0) media. 
- Ed = -0.35 V, td = 60 s, potential scan from 0 V to -1.15 V 
(scan rate 20 mV s
-1
). 
- Method also suitable for estuarine and coastal waters. 
[61]  
 
HMDE Zr(IV) V(V) DPAdSV River and 
estuary water, 
and coastal 
and sea water 
--- --- - Sequential determination of Zr(IV) and V(V). 
- Ligand considered: cupferron-oxalic acid-1,3- 
diphenylguanidine. 
- Measurements in an ammonium acetate (pH 4.8) media. 
- For Zr(IV): Ed = -0.6 V, td = 400 s, potential scan from -0.6 V 
to -1.2 V (scan rate 10 mV s
-1
). For V(V): Ed = -0.2 V, td = 30 s, 
potential scan from -0.2 V to -1.0 V (scan rate 60 mV s
-1
). 
[62] 
HMDE Fe(III) SWAdSV Sea water 0.6 ng L
-1
 (ultrapure 
water) 
0.3 ng L
-1
 (seawater) 
up to 33.5 ng L
-1
 
(ultrapure water) 
up to 56 ng L
-1
 
(seawater) 
 
- Determinations performed in a laminar flow hood in a cell 
specially designed.  
- Measurements done in the presence of oxygen which has a 
catalytic effect in the reduction of the Fe-complex. 
- Ligand considered: 2,3-dihydroxynaphthalene. 
- Measurements in a HEPPS buffer (pH 8.15) media. 
- Ed = -0.1 V, td = 30 s, potential scan from -0.35 V to -0.75 V.  
[63] 
HMDE Cu(II) 
Cd(II) 
DPAdSV Food and 
water 
Cu(II): 0.04 μg L
-1 
Cd(II): 0.02 μg L
-1
  
Cu(II): 0.5-105.0 μg L
-1
 
Cd(II): 0.8–70.0 μg L
-1
 
- Ligand considered: luminol. 
- Measurements in 0.1 mol L
-1
 borate buffer (pH 7.5) media. 
- Ed = -0.1 V, td = 60 s, potential scan from -0.3 V to -0.85 V 
(scan rate 100 mV s
-1
). 
[64] 
Ex-situ 
HgSPE  
 
Cd(II) SWASV 
 
River water 0.2 µg L
-1 
0.2-40 µg L
-1
 - Electrode modification from a 0.2 mol L
-1
 acetate 
buffer (pH 4.5) solution of 170 mg L
-1
 Hg(II) ions. 
- Measurements in a 0.2 mol L
-1
 acetate buffer (pH 4.5) 
media. 
- Ed = -1.0 V, td = 60 s, potential scan from -1.0 V to -0.1 V. 
- In order to completely remove the residual Cd(II) from the 
electrode, -0.1 V for 60 s is applied. 
- Semicontinuous monitoring of Cd(II) in waters. 
[65,66]  
 
 
HgSPE Pb(II) DPASV --- 8.9 µg L
-1
 29.8–229.2 µg L
-1
 - Ed = -1.0 V, td = 120 s, potential scan from -1.0 V to -0.4 V. [67]  
Hg(Ag)FE Cd(II) 
Pb(II) 
SWASV --- --- --- - Measurements in a 0.1 mol L
-1
 ammonium citrate media. 
- PLS regression was applied to resolve quantitatively the 
[68]  
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Cu(II) 
Bi(III) 
strongly overlapping peaks of Cu(II) and Bi(III) ions. 
Hg(Au)MEA 
 
Cd(II) 
Pb(II) 
Cu(II) 
Zn(II) 
ASV Water --- --- - Good linearity was obtained for Cd(II), Pb(II) and Cu(II) 
ions, but Zn(II) shows poor linearity. 
[69]  
 Hg(Ag)FE Zn(II) 
Cu(II) 
DPASV Gastric juice 
and mucosa of 
rats 
--- --- - Measurements in a 0.05 mol L
-1
 potassium nitrate media. 
- Zn(II): Ed = -1.10 V, td = 30 s, potential scan from -1.1 V to -
0.7 V; Cd(II): Ed = -0.25 V, td = 30 s, potential scan from -0.25 
V to -0.15 V. 
[70]  
 
Mercury 
oxide           
/GCE  
Cd(II) 
Pb(II) 
SWASV Milk  Pb(II): 0.08 μg L
-1 
Cd(II): 0.05 μg L
-1
 
0.5 to 50 μg L
-1 
 - Mercuric oxide was adsorbed onto the surface of GC and 
further electrochemically reduced to form a mercury film on 
the electrode surface. 
[71]  
 
Hg/Nafion/
FE 
Zn(II) 
Cd(II) 
Pb(II) 
DPAdSV  
 
Tap, sea, lake 
and mineral 
waters 
Pb(II): 0.10 μg L
-1 
Cd(II): 0.06 μg L
-1
 
Zn(II): 0.06 μg L
-1
  
Pb(II) and Cd(II): until 
15.0 μg L
-1 
Zn(II): until 25.0 μg L
-1
  
- Ligand considered: clioquinol (5-chloro-7-iodo-8-
hydroxyquinoline, CQ). 
-Measurements in a 0.3 mol L
-1
 Britton-Robinson buffer (pH 
5.3) media. 
- Ed = -0.65 V, td = 30 s, potential scan from -0.2 V to -1.2 V 
(scan rate 50 mV s
-1
). 
- Comparison with a HMDE is carried out. 
[72]  
 
Hg/Nafion/
FE 
Pb(II) 
Cd(II) 
SWAdSV 
 
Mineral water Pb(II): 0.05 μg L
-1
  
Cd(II): 0.01 μg L
-1
 
  
Pb(II): 1.0 - 16.0 μg L
-1
, 
Cd(II): 1.0 - 13.0 μg L
-1
  
- Ligand considered: pyrogallol red. 
- Measurements in an acetate buffer (pH 4.0) media.  
- Ed = -0.4 V, td = 100 s, potential scan from -0.2 V to -1.2 V.  
- Pyrogallol red forms 1:1 and 1:2 (metal:ligand) complexes 
with Pb(II) and Cd(II) respectively. 
[73]  
 
Hg/Nafion/
FE 
 
Pb(II) 
Cd(II) 
AdSV 
  
 
Different 
reference 
water 
materials 
0.2 μg L
-1
  
 
until 18.0 μg L
-1
 - Ligand considered: quercetin-5′-sulfonic acid. 
- Measurements in a Britton-Robinson buffer (pH 6.1) 
media.  
- Ed = -0.1 V, td = 30 s, potential scan from -0.1 V to -1.0 V 
(scan rate 248 mV s
-1
).  
- Comparison with a HMDE is done. 
[74] 
G-GC-in-
situ HgFE 
Pb(II) 
Cd(II) 
Zn(II) 
SWASV  Tap water Zn(II):  0.04 μg L
−1 
Cd(II): 0.11 μg L
−1
 
Pb(II): 0.14 μg L
−1
  
0 - 60 µg L
-1
 - Graphene is coated onto the GCE surface followed by the 
in-situ deposition of Hg. 
- Measurements in a 0.2 mol L
-1
 acetate buffer (pH 4.6) 
media. 
- Ed = 1.3 V, td = 120 s, potential scan from -1.4 V to -0.2 V 
(scan rate 297 mV s
-1
). 
 - Conditioning step: 0.3 V along 60 s is applied between 
[75] 
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measurements. 
Hg nano-
droplets- 
MWCNTs-
CHIT/SPE 
Cd(II) 
Pb(II) 
Cu(II) 
SWASV 
 
River water Cd(II):  1.35 μg L
−1
 
Pb(II): 4.77 μg L
−1
 
Cu(II): 1.27 μg L
−1
 
--- - Electrode prepared with a mixture of MWCNTs and 
chitosan, followed by adsorption of Hg. 
- Measurements in an acetate buffer/ 0.1 mol L
-1
 potassium 
chloride (pH=4.8) media. 
- Ed = -1.2 V, td = 300 s, potential scan from -1.0 V to -0.15 V. 
- Conditioning step: -0.1 V along 30 s is applied between 
measurements. 
[76]  
 
Hg-AuNPs-
SPCE 
Cd(II) --- Water samples 2.6 μg L
−1
 8.4 μg L
−1
 to 500 
mg L
-1
 
- Portable analytical system developed for in-situ 
environmental metal ion detection. 
[77]  
 
Hg-
Bi/SWNT/G
CE 
 
Cd(II) 
Pb(II) 
Zn(II) 
SWASV River water --- Zn(II) and Cd(II): < 2 μg 
L
-1  
Pb(II): 0.12 ng L
-1
 
- Measurements in a 0.1 mol L
-1
 acetate buffer/0.1 mol L
-1
 
potassium chloride (pH 6.0) media. 
- Ed = -1.3 V, td = 300 s, potential scan from -1.3 V to -0.3 V. 
- Conditioning step: -0.3 V along 60 s is applied between 
measurements. 
[78] 
 
HMDE: hanging mercury drop electrode; ASV: anodic stripping voltammetry; TMFE: thin mercury film electrode; HgSPE: mercury screen printed electrode; Hg(Ag)FE: silver amalgam film 
electrode; Hg(Au)MEA: gold microelectrode array plated with mercury; G-GC-in-situ HgFE:  graphene modified in-situ mercury film glassy carbon electrode; Hg/MWCNT-chitosan/SPE: mercury 
multiwallet carbon nanotubes chitosan screen printed electrode; Hg nanodroplets-MWCNTs-CHIT/SPE: mercury nanodroplets modified multi-walled carbon nanotubes chitosan screen printed 
electrode; Hg-AuNPs-SPCE: gold nanoparticles amalgam modified screen printed carbon electrode; Hg-Bi/SWNT/GCE: mercury bismuth single walled carbon nanotubes composite electrode. 
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Table 4. Gold based electrodes.  
Electrode Analyte Technique Sample LOD  Linear range  Comments Reference 
AuE 
 
 
Hg(II) 
Cu(II) 
SWASV Food and 
environmental  
--- --- - Ed = -0.05 V, td = 300 s, scan from -0.05 V to 0.85 V. 
- Two-step sequential analysis employing two working electrodes: 
an AuE for Hg(II) (and Cu(II)), and subsequently, an HMDE for 
Cu(II), Pb(II), Cd(II) and Zn(II).  
[45-50] 
AuRDE Hg(II) 
As(III) 
DPASV Milk and 
water  
Hg(II): 1  ng L
-1
 
As(III): 3 ng L
-1 
--- - Ed = -0.3 V, td = 60 s, scan from -0.2 V to 0.8 V (scan rate 50 mV s
-
1
). 
- Two-step sequential analysis employing two working electrodes: 
an AuRDE for Hg(II) and As(III), and subsequently, a HMDE for 
Co(II), Pb(II), Cd(II) and Zn(II).  
[52] 
SPAuE Hg(II) SWASV Waste water 
and rain water 
1.1 ng mL
-1
 5 to 30 ng L
-1
 - Commercial gold SPE. 
- Measurements in a 0.1 mol L
-1
 hydrochloric acid media. 
- Ed = 0.3 V, td = 60 s, potential scan from 0.1 V to 0.7 V.  
- Conditioning step: 0.7 V along 15 s is applied after each 
measurement. 
[79] 
SPAuE Hg(II) SWASV --- 0.8 µg L
-1
 16-280 µg L
-1
 and 1.2 
- 8  µg L
-1
 
- SPE build in a PET support [80] 
AuNPs/GC 
 
Hg(II) SWASV 
 
Spiked real 
waters 
0.01 µg L
-1
 0.2 – 10 µg L
-1 
- Sample prepared employing electromembrane extraction (60 V 
for 12 min) previous to ASV measurement. 
- Ed=0 V, td= 300 s, scan from 0.3 V to 0.7 V (scan rate 500 mV s
-1
). 
- Measurements in a 1.0 mol L
-1
 hydrochloric acid media. 
- Conditioning step: A conditioning potential of 0.5 V during 5 s 
and a desorption potential of -0.8 V during 60 s are applied before 
and after measurements. 
[81]  
AuNPs-GC Hg(II) DPASV Tap water 0.02  µg L
-1
 0.2 – 100  µg L
-1
 - Electrode is prepared by casting the AuNPs on the GCE using 
Nafion. 
- Measurements in a 0.1 mol L
-1
 hydrochloric acid media. 
- Ed= -0.9 V, td=200 s, scan from -0.8 V to -0.2 V (scan rate 10 mV s
-
1
). 
- Comparison with electrochemical impedance spectroscopy (EIS). 
- LODs below the corresponding guideline value from WHO. 
[82]  
AuNPs/SPC 
 
Hg(II) SWASV Urine  ≈ 1 µg L
-1
 until 20 µg L
-1
  -Samples prepared by vortex-assisted ionic liquid dispersive liquid-
liquid microextraction and microvolume back-extraction. 
- Ed = 0.3 V, td = 240 s, scan from 0.3 V to 0.55 V. 
- LODs allowed are significantly lower than those establish by the 
WHO for normal urine samples. 
[83]  
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AuNPs/SPCE Hg(II) SWASV Dust and 
water  
µg L
-1
 range --- - Ed = 0.2 V, td = 120 s, scan from 0.1 V to 0.7 V. 
- A conditioning potential of 0.7 V during 15 s was applied 
between measurements. 
- No stirring for the deposition step is needed. 
- Voltammetric measurement combined with a high-throughput 
bath ultrasonic extraction and potential applicability to 
decentralized atmospheric pollution assessment in the case of 
dust samples. 
[84,85]  
AuNPs-
MWCNTs/SPC
E 
Hg(II) 
Pb(II) 
SWASV Tap water and 
river water 
Hg(II): 0.2  µg L
-1
  
 
Simultaneous 
analysis:  
Hg(II): 1.9  µg L
-1
, 
Pb(II): 2.0  µg L
-1
 
Hg(II): 0.5 - 50 µg L
-1
 
 
Simultaneous 
analysis: 
Hg(II): 2- 60  µg L
-1 
 Pb(II): 2- 100  µg L
-1
 
 
 
 
 
- Modification of SPE MWCNTs, followed by electrolytical 
deposition of AuNPs. 
- Comparison between an AuNPs-GO-SPCE and an AuNPs- SPAuE is 
performed.   
- Competition between Pb(II) and Hg(II) for gold sites may be the 
main cause for higher LOD for Hg(II) in the simultaneous analysis 
than in the separate analysis of Hg(II). 
- Measurements in a 0.1 mol L
-1
 hydrochloric acid media. 
- Hg(II): Ed = 0.3 V, td = 200 s, potential scan from 0.3 V to 0.5 V.  
- Simultaneous analysis: Ed = -0.5 V, td = 120 s, potential scan from -
0.5 V to 0.55 V. 
[86] 
RGO-Au/GC 
 
Hg(II) DCASV Tap water 0.12  µg L
-1
 0.2 - 30  µg L
-1
 - A RGO-gold nanocomposite film is directly and homogeneously 
deposited on a GCE by one-step electrodeposition. 
- Measurements in a 0.01 mol L
-1
 hydrochloric acid media. 
 - Ed = 0.3 V, td = 600 s, scan from 0.2 V to 0.8 V (scan rate 250 mV 
s
-1
). 
- LOD below WHO guidelines for drinking water (5 nmol L
-1
). 
[87] 
AuNEEs As(III) SWASV Sea water 5 ng L
-1
 0.2 - 3  µg L
-1
 - The correct selection of ratio between the active and geometric 
area of the electrodes should improve the signal/background 
current ratio, further lowering LODs. 
- Measurements in a 0.2 mol L
-1
 hydrochloric acid / 62 mmol L
-1
 
hydrazine media. 
- Ed = -0.4 V, td = 180 s, potential scan from -0.4 V to 0.45 V. 
[88] 
CNTs-AuNPs  
vibrating SPE 
As(III) LSASV --- 0.5  µg L
-1
 10 - 550  µg L
-1
 - The novelty is the attachment of a vibrating motor to the SPE 
with the aim of avoiding external agitation of the solution. 
- Commercial modified SPE (110 CNT–GNP by Dropsens) is used. 
- Measurements in a 0.1 mol L
-1
 sulphuric acid media. 
- Ed = -0.4 V, td = 120 s, potential scan from -0.4 V to 0.0 V (scan 
rate 300 mV s
-1
). 
[89] 
AuNPs-CB/SPE As(III) SWASV Drinking water 0.4  µg L
-1
 2 -30  µg L
-1
 - Carbon black is presented as a sensitive and cost-effective [90] 
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alternative to CNTs to create a nanocomposite with the AuNPs. 
- SPE was modified with a CB dispersion prior to AuNPs 
modification. 
-  Measurements in a 0.1 mol L
-1
 hydrochloric acid/0.01% ascorbic 
acid media. 
- Ed = -0.4 V, td = 300 s, potential scan from -0.3 V to 0.5 V. 
- Regeneration step: a potential of 0.2 V along 10 s after each 
measurement. 
AuMWE Zn(II) 
Cu(II) 
Pb(II) 
Hg(II) 
DPASV Saline and 
fresh waters 
Hg(II): 0.2 μg L
-1
 
Pb(II): 0.3 μg L
-1
   
Zn(II) and Cu(II): 
0.4 μg L
-1
 
--- -  Measurements in a 0.5 mol L
-1
 sodium chloride/1 mol L
-1
 
hydrochloric acid media. 
- Ed = -1.0 V, td = 32 s, scan from -0.8 V to -0.7 V (scan rate 80 mV s
-
1
). 
- Vibrating working electrode during the deposition step. 
- Oxygen is not removed during measurements. 
- Between measurements a standby potential of 0.55 V is applied. 
[91]  
SPAuE Cu(II) 
Pb(II) 
SWASV Atmospheric 
depositions 
< ng mL
-1
 range --- - Measurements in a 0.1 mol L
-1
 hydrochloric acid media. 
- Ed = -0.5 V, td = 600 s, scan from -0.5 V to 0.5 V. 
- Conditioning step: 0.5 V during 60 s is applied between 
measurements.  
- Coupling of a semiautomatic measurement system to an 
atmospheric elemental fractionation sampler. 
[92]  
GS-Nafion-
AuNPs/SPCE  
 
 
 
Pb(II), 
Cd(II) 
DPASV Water Pb(II): 0.23 µg L
-1
 
Cd(II):  0.35 µg L
-1
 
Pb(II): 0.5 - 60  µg L
-1
  
Cd(II): 0.8 - 50 µg L
-1
  
- Electrode is prepared by dropping a GS-Nafion dispersion onto 
the surface of a SPCEs and subsequent electroless plating of 
AuNPs. 
- Nafion is used to stabilize disperse GS into an aqueous solution. 
- Measurements in a 0.1 mol L
-1
 acetate buffer (pH=4.5) media. 
- Ed = -1.3 V, td = 240 s, potential scan from -1.1 V to -0.1 V. 
[93]  
AuNPs-CFs/Au Pb(II) 
Cu(II) 
DPASV --- Pb(II): 1.1  µg L
-1
  
Cu(II): 0.06  µg L
-1
 
--- - The monodispersion of gold nanoparticles inside the carbon 
foam is performed by an emulsion polymerization and 
carbonization approach. 
- AuNPs–CFs are bound onto the electrode surface using chitosan 
as a binder.  
- Measurements in a 0.1 mol L
-1
 acetate buffer (pH=5.0) media. 
- Ed = -1.3 V, td = 180 s, potential scan from -0.7 V to 0.6 V.  
[94]  
GNDs-
encaged- 
porous AuE 
Cu(II) 
Pb(II) 
SWV --- --- Cu(II): 0.6 - 254 μg L
-1
  
Pb(II): 1.3 - 500 μg L
-1
  
 
- Graphene nanodots-encaged porous gold electrodes are 
fabricated via ion beam sputtering deposition. 
- The enhanced answer of these devices is due to the entrapped 
graphene nanodots in 3-D porous structure.  
[95]  
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SPAuE: screen-printed gold electrode; AuNPs/GCE: gold nanoparticles modified glassy carbon electrode; AuNPs/SPCE: gold nanoparticles modified screen printed carbon electrode; AuNPs-
MWCNTs/SPCE: gold nanoparticles multiwallet carbon nanotubs modified screen-printed carbon electrode; RGO-Au/GCE: reduced graphene oxide gold nanocomposite modified glassy carbon 
electrode; AuNEEs: gold nanoelectrode ensembles; CNTs-AuNPs  vibrating SPE: carbon nanotubs gold nanoparticles modofied vibrating screen-printed electrode; AuNPs-CB/SPE: gold 
nanoparticles carbon black modified screen-printed electrode; AuMWE: gold microwire electrode; GS-Nafion-AuNPs/SPCE: graphene sheets-Nafion-gold nanoparticles modified screen-printed 
carbon; AuNPs-CFs/Au: gold nanoparticles-doped carbon foam gold modified electrode; GNDs-encaged- porousAuE: graphene nanodots-encaged porous gold electrode; AuNP-SWCNT/PETE: 
gold nanoparticles patterned on single-walled carbon nanotube PET electrode; AuFC-composite E: gold film modified carbon composite electrode.  
  
-  Measurements in an acetate buffer (pH=5) media. 
AuNP-
SWCNT/PETE 
Pb(II) 
Cu(II) 
SWASV --- Pb(II): 0.546  μg L
-1
 
Cu(II): 0.613 μg L
-1
   
3.31 μg L
-1
 to 22.29  
μg L
-1
   
 
- AuNPs are deposited electrochemically on SWCNT film applying 
CV scans. 
- The SWCNT thin film is fabricated onto a flexible PET support 
using a vacuum filtration method. 
- Measurements in a 0.02 mol L
-1
 hydrochloric acid media. 
- Ed = -0.4 V, td = 150 s, potential scan from -0.6 V to 0.6 V. 
- Regeneration step: a potential of 0.8 V along 30 s after each 
measurement in a 0.02 mol L
-1
 hydrochloric acid media. 
[96]  
AuFC-
composite E 
Cr(VI) LSV River water 4.4  μg L
-1
 20 - 2000 µg L
-1
 - Determination based on direct reduction of Cr(VI) to Cr(III) in 
highly acidic media. 
- Scan from 0 V to 0.7 V (scan rate 50 mV s
-1
). 
- LOD in agreement with guideline values given by WHO and EPA 
for contaminated waters. 
[97]  
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Table 5. Carbon based electrodes.   
Electrode Analyte Technique Sample LOD  Linear range  Comments Reference 
GCE Pb(II) 
Cd(II) 
SWASV Poultry 
and bird 
game 
meat 
LOQ < 10 ng g
-1
 10 - 100 ng g
-1
 (meat) 
50 - 500 ng g
-1
 (liver) 
- Determination of metal ions after acidic digestion. 
- Figures of merit established with reference materials. 
[100] 
MWCNTs/GCE 
MWCNTs/PIGE 
Pb(II) DCV --- --- 2 -  10 mg L
-1 
 - Electrodes presented as an alternative to HMDE for metal 
ion determination.  
- Measurements in an acetate buffer (pH 5) media. 
- Potential scan from -0.7 V to -0.2 V, scan rate 25 mV s
−1
. 
[101] 
MWCNTs-
Nafion/GCE 
Pb(II) 
Cd(II) 
ASV Water  Pb(II): 0.1  µg L
-1
 
Cd(II): 0.15  µg L
-1 
 
--- - MWCNTs/Nafion composite film electrode exhibited a 
synergistic effect for trace Pb(II) and Cd(II) detection with 
enhanced sensitivity and stability. 
[102] 
Graphene 
ultrathin film 
electrode 
Pb(II) SWASV --- 1.45  µg L
-1
   --- - Comparison with a conventional diamond-like carbon 
electrode. 
- A layer of Ni was created to act as a catalyst. 
- Measurements in a 0.1 mol L
-1
 acetate buffer/0.1 mol L
-1
 
KNO3 (pH 5.3) media.  
- Ed= -1.0 V, td = 180 s, potential scan from -0.8 to 0.0 V. 
- Pre-cleaning step: 0.2 V along 180 s before each 
measurement. 
[103]   
 
GO/GCE Pb(II) 
Cd(II) 
DPASV Rice, soya, 
milk, 
and tap 
water 
Pb(II): 0.05  ng L
-1
  
Cd(II): 0.03 ng L
-1
   
0.4 ng L
-1
 - 1  µg L
-1
 - GO covalently modified carbon electrode (GC-O-GO) 
surface shows very ultrasensitive response for these 
cations. 
-  Measurements in a 0.1 mol L
-1
 acetate buffer (pH 4.5) 
media.  
- Ed= -1.0 V, td= 10 s, potential scan from -0.95 V to 0.05 V. 
[104]   
BDDE Pb(II) SWASV Tap water 0.3 µg L
-1
 2 – 30  µg L
-1
 - Measurements in a 0.2 mol L
-1
 potassium nitrate / 0.05 
mol L
-1
 nitric acid (pH 1.26) media. 
- Ed= -1.3 V, td = 600 s, potential scan from -0.8 to 0.0 V. 
- Conditioning step: 0.6 V along 120 s prior to next 
measurement. 
[107] 
BDDE Cd(II) 
Pb(II) 
Cu(II) 
Hg(II) 
DPASV Waste 
water 
Cd(II): 3.5  µg L
-1 
Pb(II): 2.0  µg L
-1
 
Cu(II): 0.1  µg L
-1
 
Hg(II): 0.7  µg L
-1 
--- - Measurements in a 0.1 mol L
-1
 acetate buffer (pH 6.0) 
media. 
- Ed = -1.5 V, td = 300 s, potential scan from -1.5 V to 0.6 V, 
scan rate 50 mV s
-1
. 
[108] 
BDDE Zn(II) DPASV Environm 0.03  µg L
-1
 0.033 - 327  µg L
-1
 - Commercial BDDE (Windsor Scientific Ltd.). [109]   
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MWCNTs/GCE: multi-walled carbon nanotubes glassy carbon electrode; MWCNTs/PIGE: multi-walled carbon nanotubes paraffin impregnated glassy carbon electrode; MWCNTs-Nafion/GCE: 
multi-walled carbon nanotubes Nafion modified glassy carbon electrode; GO/GCE: graphene oxide modified glassy carbon electrode; BDDE: boron doped diamond electrode; EPPGE: edge 
plane pyrolytic graphite electrode; SPCE: screen-printed carbon electrode; Bd-NCDE: boron-doped nanocrystalline diamond electrode; NH3-plasma-MWCNTs: NH3-plasmamultiwallet carbon 
nanotubs modified electrode. 
 
 
 
ental 
rubber 
industry 
samples  
   - Measurements in a 0.1 mol L
-1
 potassium chloride media. 
- Ed= -1.7 V, td= 120 s, potential scan from -1.7 V to -0.85 V. 
 
EPPGE, BDDE, 
SPCE 
Sb(III) DPASV --- 0.47  µg L
-1
  (EPPG) --- - Comparison study of unmodified non-classical carbon 
electrodes. 
[110] 
BD-NCDE Pb(II) 
Cu(II) 
Hg(II) 
DPASV/SWA
SV 
--- Pb(II): 290  µg L
-1
 
Cu(II): 7  µg L
-1
 
Hg(II): 134  µg L
-1
 
 
Pb(II): 0.2 - 4.6 mg L
-1
  
Cu(II): 0.06- 1.4 mg L
-1
  
Hg(II): 0.2 - 2  mg L
-1
  
- BD-NCDE pretreated via electrochemical dynamic 
polarization by applying incremental voltage anodically and 
cathodically alternately to improve its electrochemical 
properties. 
- The BDD film is formed on the surface of a Ti substrate. 
- Measurements in a 0.2 mol L
-1
 acetate buffer (pH 5) 
media. 
- Ed= -1.5 V, td= 300 s, potential scan from -0.6 V to 0.6 V. 
[111]  
 
BD-NDE 
 
Pb(II) SWASV Mineral 
and river 
water 
Pb(II): 0.57  µg L
-1
  1 – 10  µg L
-1
   - Measurements in an ammonium acetate buffer (pH 4.5) 
media. 
- Ed= -1.0 V, td = 60 s, potential scan from -0.8 to 0.0 V. 
- Conditioning step: 0.9 V along 45 s before each 
measurement. 
[112]   
 
NH3-plasma-
MWCNTs 
 
 
Zn(II) 
Cd(II) 
Cu(II) 
Hg(II) 
SWASV Water  Zn(II): 0.02 µg L
-1
  
Cd(II): 0.03 µg L
-1
 
Cu(II): 0.014 µg L
-1
  
Hg(II): 0.029 µg L
-1
   
Zn(II): 13 - 183 µg L
-1
   
Cd(II): 0.28 - 2.5 µg L
-1
  
Cu(II): 12 - 178 µg L
-1
 
Hg(II): 4 - 120  µg L
-1
 
- NH3 plasma was used to introduce NH2 groups 
onto the surface of MWCNTs 
- Measurements in a 0.1 mol L
-1
 ammonium buffer media.  
- Ed = −1.3 V, td = 150 s, potential scan from -1.3 to 0.6 V. 
- LODS lower than the guideline values in drinking water 
given by the WHO. 
[113] 
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Table 6. Bismuth based electrodes.   
Electrode Analyte Technique Sample LOD  Linear range  Comments Reference 
BiE 
 
Pb(II) 
Cd(II) 
Zn(II) 
SWASV River water Pb(II): 93  ng L
-1 
Cd(II): 54 ng L
-1 
Zn(II): 396 ng L
-1
  
10 - 100 μg L
-1
 - Measurements in a 0.1 mol L
-1
 acetate buffer (pH 5) media.  
- Ed = -1.4 V, td = 180 s, potential scan from -1.4 V to -0.35 V. 
[114]  
 
BiRDE Pb(II) 
Cd(II) 
Zn(II) 
SWASV Rainwater 
and sewage 
sludge (only 
Pb(II)) 
Pb(II): 5.85  µg L
-1
 
Cd(II): 5.64  µg L
-1
  
Zn(II): 59.1  µg L
-1
 
Pb(II) and Cd(II): 
10 - 160  µg L
-1
  
Zn(II): 50 - 800  µg L
-1
  
- Measurements in a 0.1 mol L
-1
 acetate buffer (pH 4.5) 
media.  
- Zn(II): Ed = -1.4 V, td = 60 s, potential scan from -1.4 V to -0.3 
V. 
- Pb(II), Cd(II): Ed = -1.0 V, td = 120 s, potential scan from -1.0 V 
to -0.3 V. 
[115] 
BiRDE Zn(II) SWASV Rain and tap 
water, urine 
8.1  µg L
-1
 20 - 160   µg L
-1
 - Measurements in a 0.1 mol L
-1
 phosphate buffer (pH 7.5) 
media.  
- Ed = -1.4 V, td = 120 s, potential scan from -1.4 V to -0.3 V. 
[116] 
Bi-CE  
 
Pb(II), 
Cd(II), 
Zn(II) 
SWASV Drinking water --- --- - Different Bi-modified carbon surfaces (GC, CP, and G pencil) 
are considered. 
- Measurements in a 0.1 mol L
-1
 acetate buffer (pH 3.5) 
media. 
- Ed = -1.4 V, potential scan from -1.5 V to 0.0 V. 
[117] 
 
ex-situ BiFE Ni(II) SWAdSV Certified and 
lake water 
0.1 μg L
-1
 10.0 - 70.0 μg L
-1
  - 1-Nitroso-2-napthol as chelating agent (6.5 μmol L
-1
). 
- Measurements in a 0.10 mol L
−1
 Britton-Robinson buffer (pH 
7.5) media. 
- Ed = -0.30 V, td = 60 s, potential scan from -0.3 V to -1.2 V. 
[118]  
ex-situ BiSPCE Sb(III) DPAdSV Groundwater 1.2 μg L
-1
 up to 100.0 μg L
-1
 - Quercetin-5′-sulfonic acid as chelating agent. 
- Measurements in an acetate buffer (pH 4.6) media. 
- Ed = -0.5 V, td = 60 s, potential scan from -0.5 V to -1.1 V. 
- Conditioning step: -1.1 V along 3 s is applied between 
measurements. 
[119]  
 
Bi-C tapeE  
 
 
Pb(II) SWASV Toys 2 μg L
-1 
10 - 500  μg L
-1
 - Measurements in a 0.1 mol L
-1
 acetate buffer (pH 4.5) 
media. 
- Pb(II), Cd(II), Zn(II) can be differentiated in a sample volume 
of 15 µL. 
- For Pb(II) analysis: Ed = -1.5 V, td = 300 s, potential scan from 
-1.5 to 0.1 V. 
[120] 
BiF4-CPE 
 
 
Pb(II) 
Cd(II) 
SWASV Water  Pb(II): 93  µg L
-1
 
Cd(II): 54 µg L
-1
 
(td=240 s) 
 - Favorable performance in acidic solutions (pH 0.5 - 2.5) in 
the presence of dissolved oxygen. 
- Ed = -1.0 V, td = 120 s, potential scan from -1.0 V to -0.2 V. 
[121]  
 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
87 
 
In-situ Bi-
porousSPCE 
Pb(II) 
Cd(II) 
SWASV River  Pb(II): 0.03 μg L
-1
 
Cd(II): 0.34  μg L
-1 
 
Pb(II): 1 - 30 μg L
-1
 
Cd(II): 0.05 - 30  μg L
-1
 
- Measurements in an acetate buffer (pH 4.5) media. 
- Ed = -1.2 V, td = 300 s, potential scan from -1.0 V to -0.45 V. 
[122]  
 
In-situ Bi-
GO/GCE 
Zn(II) 
Cd(II) 
Pb(II) 
DPASV Tap water Zn(II): 1.80 μg L
-1
  
Cd(II): 0.18 μg L
-1
 
Pb(II): 0.11 μg L
-1
  
1 - 100 μg L
-1
 - Direct electrochemical reduction of GO on the GCE. 
- Measurements in a 0.1 mol 
-1
 acetate buffer (pH 4.5) media. 
- Ed = -1.4 V, td = 300 s, potential scan from -1.4 V to 0 V.  
- Conditioning step: Prior to the next cycle, 0.3 V along 60 s in 
fresh supporting electrolyte. 
[123] 
In-situ Bi-
SbFGCE 
Cd(II) SWASV Tap water 0.15 μg L
-1
 1.0 - 220 μg L
-1
 - Measurements in a hydrochloric acid (pH 2.0) media. 
- Ed = -1.3 V, td = 210 s, potential scan from -1.2 V to 0.2 V. 
- A cleaning step (0.3 V along 30 s) is done after each 
measurement. 
[124]  
In-situ Sn-
BiFGCE 
 
Cd(II) 
Zn(II) 
DPASV Tap water Zn(II): 0.31  μg L
-1
, 
Cd(II): 0.86  μg L
-1
 
2 - 80  μg L
-1
 - Measurements in an acetate buffer (pH 4.7) media.  
- Ed=-1.4 V, td=270 s, potential scan from -1.4 V to 0 V. 
[125]  
BiNPs/GCE Pb(II) 
Cd(II) 
SWASV Water  Pb(II): 0.8  μg L
-1
 
Cd(II): 0.4 μg L
-1
 
5.0 - 60.0 μg L
-1
 - Measurements in a 0.1 mol L
-1
 acetate buffer (pH 4.5) 
media. 
- Ed = -1.2 V, td = 120 s, potential scan from -1.1 to -0.4 V.  
[126]  
 
BiNPs/AgPE Pb(II) 
Cd(II) 
Zn(II) 
--- Drinking and 
river waters 
0.1  μg L
-1
 --- --- [127]  
BiNPs-NPC-
GS/GCE 
Pb(II) 
Cd(II) 
Tl(I) 
SWASV Lake and tap 
water 
Pb(II): 0.66 μg L
-1
 
Cd(II): 0.46 μg L
-1
 
Pb(II): 12 - 124 μg L
-1
 
Cd(II): 9 - 90 μg L
-1
  
--- [128]  
 
RGO-BiNPs/ 
CPE 
Pb(II) 
Cd(II) 
Zn(II) 
Cu(II) 
DPASV --- Cd(II): 2.8 μg L
-1
  
Pb(II): 0.55 μg L
-1
 
Zn(II): 17 μg L
-1
 
Cu(II): 26 μg L
-1
 
 --- - Measurements in a 0.1 mol L
-1
 acetate buffer media. 
- Cd(II) and Pb(II): Ed  = -1.05 V, potential scan from -0.9 to -
0.35 V. 
- Zn(II):  Ed  = -1.25 V, potential scan from -1.25 to -0.8 V.  
- Cu(II):  Ed = -0.6 V, potential scan from -0.6 to -0.07 V. 
[129]  
 
in situ Bi-
ERGO/SPE  
Pb(II) 
Cd(II) 
SWASV Milk samples Cd(II): 0.5 μg L
-1
 
Pb(II): 0.8 μg L
-1
  
1.0 - 60.0 μg L
-1
 - Measurements in a 0.1 mol L
-1
 acetate buffer media. 
- Ed = -1.2 V, td = 150 s, potential scan from -1.2 to -0.3 V.  
- Conditioning step: 0 V along 60 s after each measurement. 
[130]  
in-situ BiF-
ERGO/PCE 
Pb(II) 
Cd(II) 
Zn(II) 
SWASV Tap water Zn(II): 0.19 μg L
-1
 
Cd(II): 0.09 μg L
-1
 
Pb(II): 0.12 μg L
-1
 
--- - Measurements in a 0.1 mol L
-1
 acetate buffer (pH 4.6) 
media. 
- Ed = -1.4 V, td = 120 s, potential scan from -1.4 to 0.3 V.  
- A cleaning step (0.3 V along 30 s) is applied after each 
measurement. 
- LODs below the EPA values prescribed for drinking water.  
[131]  
 
in-situ BiF- Pb(II), DPASV Tap water Cd(II): 1.5 μg L
-1
 Two linear ranges, - Measurements in a 0.1 mol L
-1
 acetate buffer (pH 4.5) [135] 
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NMC-NA/ GCE Cd(II) Pb(II): 0.05 μg L
-1
 Cd(II): 2 - 10 μg L
-1
 and 
10 - 100 μg L
-1
 Pb(II): 
0.5 - 10 μg L
-1
 and 10 - 
100 μg L
-1
 
media. 
- Ed = -1.2 V, td = 150 s, potential scan from -1.0 to 0.0 V.  
-LODs lower than the guideline values of drinking water given 
by WHO. 
 
ex-situ Bi- 
CNTsNafion- 
/CPE  
Pb(II) 
Cd(II) 
Zn(II) 
ASV Tap and lake 
water 
Zn(II): 17.3 μg L
-1
 
Cd(II): 16.9 μg L
-1 
Pb(II): 11.9 μg L
-1
 
 - Measurements in a sodium acetate (pH 6.5) media.  
- Ed = -1.25 V, td = 300 s, potential scan from -1.25 V to -0.35 
V. 
[136]  
 
In-situ Bi-GO-
MWCNTs-
Nafion/GCE 
 
 
Pb(II) 
Cd(II) 
DPASV Electroplating 
effluents  
Pb(II): 0.2  µg L
-1
 
Cd(II): 0.1  µg L
-1 
 
0.5 - 30  µg L
-1
   
 
 
- Nafion was considered to improve film stability and anions-
resistant permselectivity.  
- Measurements in a 0.1 mol L
-1
 acetate buffer (pH 4.5) 
media. 
- Ed = -1.4 V, td = 10 s (static conditions), potential scan from -
1.4 V to 0.4 V. 
- Conditioning step: 0.4 V along 60 s before each 
measurement. 
[137] 
Nafion-  
Bi-
PPF/alumina E 
Pb(II) 
Cd(II) 
Zn(II) 
SWASV Tap and river 
water 
Pb(II): 0.33 μg L
-1
 
Cd(II): 0.55 μg L
-1
  
Zn(II): 0.63 μg L
-1
 
1 - 10 μg L
-1
 - Measurements in a 0.1 mol L
-1
 acetate buffer (pH 4.5) 
media. 
- Ed = -1.3 V, td = 120 s, potential scan from -1.3 V to 0.2 V.  
[138] 
Nafion-  
Bi-
PPF/alumina E 
Pb(II) 
Cd(II) 
Zn(II) 
SWASV --- Pb(II): 0.62  μg L
-1
 
Cd(II): 0.72 μg L
-1
  
Zn(II): 1.57 μg L
-1
 
--- - Measurements in a 0.1 mol L
-1
 acetate buffer (pH 4.5) 
media. 
 
[139]  
 
In situ Bi-PPCE Ni(II) SWAdSV Spring water 20 ng  L
-1
 --- - Ni(II) can be determined even in the presence of Co(II). 
- Ligand considered: dimethylglioxime. 
- Measurements in a 0.1 mol L
-1
 ammonium buffer and 0.01 
mol L
-1
 tartrate media. 
- Two-step protocol:  
In situ Bi deposition:  Ed = -1.1 V, td = 60 s. 
Complex deposition:  Ed = -0.8 V, td = 120 s, potential scan 
from -0.8 V to -1.3 V. 
- Conditioning step: 120 s at 0.5 V. 
[140] 
Ex situ Bi-PPCE Cr(VI) SWAdSV Waste and tap 
water 
0.2  μg L
-1
 5 – 25  μg L
-1
 - Ligand considered: pyrocatechol violet. 
- Measurements in a 0.1 mol L
-1
 sodium nitrate and 0.o1 mol 
L
-1
 acetate buffer (pH 6) media. 
- Ed = -0.2 V, td = 60 s, potential scan from –0.2 V to -1.2 V. 
- Conditioning step: 20 s at -1.4 V. 
[141] 
In-situ Bi-
GPSS/ SPE 
Pb(II) 
Cd(II) 
DPASV Deionized, 
lake and tap 
water 
Cd(II): 0.042 μg L
-1
 
Pb(II): 0.089 μg L
-1 
 
0.5 - 120 μg L
-1
 - The SPE surface is modified by addition of a suspension of 
graphene and PSS and the subsequent evaporation of the 
solvent at room temperature. 
[142]  
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BiE: bismuth electrode; BiRDE: bismuth rotating disk electrode; Bi-CE: bismuth modified carbon electrodes; ex-situ BiFE: ex-situ bismuth film electrode; Bi-C tape: bismuth carbon tape 
electrode; BiF4-CPE: tetrafluorobismuthate modified carbon paste electrode; in-situ Bi-porousSPCE: in-situ bismuth porous screen-printed carbon electrode; in-situ Bi-SbFGCE: in-situ bismuth-
antimony film glassy carbon electrode; in-situ Sn-BiFGCE: in-situ stannum-bismuth composite film glassy carbon electrode; BiNPs/GCE: bismuth nanoparticles modified glassy carbon electrode; 
BiNPs/AgPE: bismuth nanoparticles modified silver paste electrode; BiNPs-NPC-GS/GCE: bismuth-nanoparticles enriched nano-porous carbon on graphene sheet modifie glassy carbon 
electrode; RGO-BiNPs/CPE: reduced graphene oxide bismuth nanoparticle modified carbon paste electrode; in situ Bi-ERGO/SPE: in-situ bismuth film electrochemical reduced graphene oxide 
modified screen printed electrode; in-situ BiF-ERGNO/PCE: in-situ bismuth-film electrochemically reduced graphene oxide modified pencil-graphite electrode; in-situ BiF-NMC-NA/GCE: in-situ 
bismuth film nitrogen-doped microporous carbon Nafion modified glassy carbon electrode; ex-situ Bi-CNTsNA/CPE: ex-situ bismuth film carbon nanotubs Nafion modified carbon paste 
electrode; in-situ Bi-GO-MWCNTs-Nafion/GCE: in-situ bismuth film graphene oxide multiwallet carbon nanotubs Nafion modified glassy carbon electrode; Nafion-Bi-PPF/alumina E: bismuth 
film on pyrolyzed photoresist alumina electrode modified with Nafion; in situ Bi-PPCE: in-situ bismuth modified pyrolyzed photoresist electrode; ex situ Bi-PPCE: ex-situ bismuth modified 
pyrolyzed photoresist electrode; in-situ Bi-GPSS/SPE: in-situ bismuth graphene-poly(sodium 4-styrenesulfonate) composite film screen printed electrode. 
  
- Measurements in a 0.1 mol L
-1
 acetate buffer (pH 4.5) 
media. 
- Ed = -1.3 V, td = 120 s, potential scan from -1.15 to -0.35 V.  
- A cleaning step (0.8 V along 30 s) is applied after each 
measurement. 
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Table 7. Antimony based electrodes.   
Electrode Analyte Technique Sample LOD  Linear range  Comments Reference 
In-situ 
SbSPCE 
Cd(II) 
Pb(II) 
Cu(II) 
DPASV Groundwater Cd(II): 3.4 µg L
-1
 
Pb(II): 5.0 µg L
-1
 
Cu(II): 1.6 µg L
-1
 
Cd(II): 115.5 - 72.4 µg L
-1
 
Pb(II): 16.8 - 62.6 µg L
-1
 
Cu(II): 5.3 - 99.8  µg L
-1
 
- Measurements in a 0.01 mol L
-1
 acetate buffer (pH 4.5) 
and 0.01 mol L
-1 
KNO3. 
- Ed = -1.2 V, td =-120 s, potential scan from -1.2 V to 0.2 V. 
[144] 
In-situ Sb-
NaMM/CPE 
 
Cd(II) SWASV Tap water Cd(II): 0.25 ng L
-1
 
   
4 - 150 μg L
-1
 - The chemically modified CPE is prepared by mixing 
NaMM, graphite powder, and paraffin oil in the presence 
of ethanol in a mortar. After ethanol evaporation, the CP 
is packed into a piston-driven CPE Shell. 
- Mesuraments in a hydrochloric acid (pH 3) media.  
- Ed = -1.2 V, td =-260 s, potential scan from -1.2 V to 0.2 V. 
[145]  
 
In-situ Sb-
CNF/SPCE 
Pb(II) 
Cd(II) 
DPASV Estuarine 
water 
Pb(II): 2.1  µg L
-1
 
Cd(II): 1.1  µg L
-1
   
Pb(II): 6.9 - 100.9   µg L
-1
 
Cd(II): 3.7 - 100.3  µg L
-1
  
- Modifications are performed in a commercial SPCE. 
- Mesuraments in a 0.01 mol L
-1
 hydrochloric acid media.  
- Ed = -1.5 V, td = 120 s, potential scan from -1.5 V to -0.15 
V. 
[146]   
 
Ex-situ 
SbSPCE 
Ni(II) DPAdSV Wastewater 0.9  µg L
-1
 3.1 - 197  µg L
-1
 - Dimethylglyoxime as chelating agent (5 10
-5 
mol L
-1
). 
- Mesuraments in a 0.1 mol L
-1
 ammonia buffer (pH 9.2) 
media.  
- Ed = -0.7 V, td = 120 s, potential scan from -0.7 V to -1.25 
V. 
- Cleaning step: -1.25 V along 30 s before each 
measurement. 
[147] 
In-situ 
SbGCE 
Ce(III) 
La(III) 
Pr(III) 
AdSV Tap water Ce(III): 0.06  µg L
-1
 
La(III): 0.42  µg L
-1 
Pr(III): 0.71  µg L
-1
     
1 - 25  µg L
-1
     - Alizarin as chelating agent (10
-6 
mol L
-1
). 
- Mesuraments in an acetate buffer (pH 5.8) media. 
- Ed = -0.1 V, td = 360 s, potential scan from -0.2 V to 1.1 V. 
[148]  
SbNPs-
RGO/GCE 
Pd(II) 
Pt(II) 
Rh(III) 
DPAdSV Dust  Pd(II): 0.45  pg L
-1
 
Pt(II): 0.49  pg L
-1 
Rh(III): 0.49  pg L
-1
 
40 - 400 pg L
-1
 - Dimethylglyoxime as chelating agent (10
-5 
mol L
-1
). 
- Mesuraments in a 0.2 mol L
-1
 sodium acetate (pH 5.2) 
media. 
- Ed = -1.2 V, td = 120 s. 
[149]   
 
Ex-situ 
SbSPCE 
Pd(II) DPAdSV Spiked tap 
water 
2.7  µg L
-1 
 
1 - 100 µg L
-1 
 
- Dimethilglyoxime as chelating agent (2 10
-4 
mol L
-1
). 
- Measurements in a 0.1 mol L
-1
 acetate buffer (pH 4.5) 
media. 
- Ed = -0.6 V, td = 180 s, potential scan from -0.5 V to -1.2 
V. 
- Conditioning step: -1.0 V along 30s before each 
measurement. 
[150] 
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In-situ SbSPCE:  in-situ antimony modified screen-printed carbon electrode; in-situ Sb-NaMM/CPE:  in-situ antimony film sodium montmorillonite modified carbon paste electrode; in-situ Sb-
CNF/SPCE:  in-situ antimony film carbon nanofiber modified screen-printed carbon electrode; in-situ SbGCE: in-situ antimony modified glassy carbon electrode; SbNPs-RGO/GCE: antimony 
nanoparticles reduced graphene oxide  modified glassy carbon electrode; ex-situ SbSPCE: ex-situ antimony modified screen-printed carbon electrode. 
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Table 8. Miscellaneous material based electrodes.   
Electrode Analyte Technique Sample LOD  Linear range  Comments Reference 
CuGCE Pb(II) 
Hg(II) 
SWASV --- Pb(II): 0.06 µg L
-1
 
Hg(II): 0.1 µg L
-1
   
(td = 300 s) 
Pb(II): 5 - 70 µg L
-1
  
Hg(II): 10 - 100 µg L
-1
   
(td = 120 s) 
- Measurements in a 0.1 mol L
-1
 hydrochloric acid / 0.4 mol L
-1
 
sodium chloride media. 
- Ed = -0.6 V, td = 120 s, potential scan from -0.6 V to 0.15 V. 
- Cleaning step: 0.4 V along 30 s before each measurement. 
[151] 
SPCuE Zn(II) ASV Blood 
serum 
9.0  µg L
-1
   until  325 µg L
-1
   - Fabricated using a combination of lithographic and deposition 
onto glass slides. 
- Measurement in a 0.1 mol L
-1
 acetate buffer (pH 6) media. 
- Ed = -1.0 V, td = 300 s, potential scan from -1.0 V to -0.3 V. 
[152] 
Ce-ZCPME Cd(II) 
Pb(II) 
SWASV --- Cd(II): 0.07  µg L
-1
 
Pb(II): 0.46  µg L
-1
   
--- - In-house fabricated electrode. 
- Ce-impregnated zeolites are prepared from a Ce(III) ethanolic 
solution and zeolite. The formed slurry is dried and calcined. 
- The CPEs is prepared by mixing the carbon graphite, the Ce-
zeolite and paraffin oil. 
- Measurements in a 0.1 mol L
-1
 phosphate buffer (pH 4) media. 
- Ed = -1.2 V, td = 120 s, potential scan from -1.6 V to 0.0 V. 
[153] 
SnNPs-
RGO/GCSE 
 
Pb(II) 
Cd(II) 
Cu(II) 
SWASV Tap water Cd(II): 0.07  µg L
-1
 
Pb(II): 0.12  µg L
-1
  
Cu(II): 0.03 µg L
-1
   
1 - 100 µg L
-1
   -  Measurements in a 0.1 mol L
-1
 acetate buffer (pH 5) media.  
- Ed = -1.0 V, td = 150 s, potential scan from -1.0 V to -0.2 V. 
- LODs below values stipulated by WHO. 
[154]   
 
NiNPs-
CPM/GCE 
Hg(II) DPV Fish  0.42  µg L
-1
   Until 10 mg L
-1
 - Measurement in a 0.05 mol L
-1
 acetate buffer (pH 5.0) media. 
- Potential scan from -0.2 V to 0.6 V. 
[155] 
Sn-Pb-
MPC/GCE 
Cd(II) SWASV River 
water 
0.36 μg L
-1
 0 - 140 μg L
-1
 - Measurement in a 0.1 mol L
-1
 acetate buffer and 0.1 mol L
-1
 
potassium chloride (pH = 6) media. 
- Ed = -1.4 V, td = 360 s, potential scan from -1.0 to -0.7 V. 
[156] 
RGO-Fe3O4 
/GCE 
Pb(II) SWASV Soils 1.2  µg L
-1
   41.5 - 600 µg L
-1 
-  Measurements in 0.1 mol L
-1
 acetate buffer media.  
- Ed = -1.0 V, td = 120 s, potential scan from -1.0 to 0.0 V. 
[157] 
α-
Fe2O3/GCE 
Pb(II) SWASV --- --- --- - Comparison of different α-Fe2O3 structures: nanocubes, 
nanoplates and nanorods. 
- Measurements in 0.1 mol L
-1
 acetate buffer (pH 5.0) media. 
- Ed = -1.2 V, td = 120 s. 
- Devices meet the requirements of WHO for lead in drinking 
water (10 µg L
-1
). 
[158] 
AlOOH-
RGO/GCE  
Pb(II) 
Cd(II) 
SWASV Drinking 
water 
Cd(II): 0.004 µg L
-1
 
Pb(II): 0.07 µg L
-1
     
Cd(II): 22.5 - 90 µg L
-1
 
Pb(II): 41.5 - 166 µg L
-1
     
 
- Measurements in a 0.1 mol L
-1
 acetate buffer (pH 6.0) media.  
- Ed= -1.2 V, td = 120 s, potential scan from -1.0 to 0.4 V. 
- Regeneration step: 0.3 V along 140 s after each measurement in 
fresh supporting electrolyte. 
[150] 
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CuGCE copper film modified glassy carbon electrode; SPCuE: screen-printed copper electrode; Ce-ZCPME: Cerium-incorporated zeolite modified carbon paste electrode; SnNP-RGO/GCSE: tin 
nanoparticles reduced graphene oxide modified glassy carbon sheet electrode; NiNPs-CPM/GCE: nickel nanoparticles carbon porous material modified glassy carbon electrodes; Sn-Pb-
MPC/GCE: tin and lead hybrid nanoparticles mesoporous carbon modified glassy carbon electrode; RGO-Fe3O4 /GCE: reduced graphene iron oxide nanocomposite modified glassy carbon 
electrode; α-Fe2O3/GCE: α-Fe2O3 nanostructures modified glassy carbon electrode;  AlOOH-RGO/GCE: aluminium oxide reduced graphene modified glassy carbon electrode; MgO-
nanoflowers/GCE: magnesium oxide nanoflower modified glassy carbon electrode; NiO-nanosheets/GCE: nickel oxide-nanosheets modified glassy carbon electrode; CoO/EGrE: cobalt oxide 
modified exfoliated graphite electrode; MnO2-carbon composite/GCE: manganese oxide carbon composite glassy carbon electrode; glassy carbon electrode NiO-nanosheets/GCE: nickel oxide-
MgO-
nanoflowers
/GCE 
Pb(II) 
Cd(II) 
SWASV Reservoir 
water 
Cd(II): 9 ng L
-1
 
Pb(II): 0.4 ng L
-1
  
Cd(II): 4.5 - 16  µg L
-1
 
Pb(II): 0.66 - 4.4  µg L
-1
 
 
- A homogeneous MgO nanoflowers/Nafion suspension is pipetted 
onto the surface of GCE. 
- Measurements in a 0.1 mol L
-1
 acetate buffer media. 
- Ed = -0.8 V, td = 120 s, scan potential from -1.4 V to 0.4 V 
[160] 
NiO-
nanosheets/
GCE 
Hg(II) DPV --- 8  µg L
-1
 
 
160  µg L
-1 
- 100 mg L
-1
  
- Mesoporous NiO nanosheets dissolved in chitosan are dropped 
onto the surface of a GCE 
- Measurements in a phosphate buffer (pH 6.0) media. 
[161] 
CoO/EGrE  Cu(II) SWASV Water 94 µg L
-1 
--- - Ed -0.5 V [162] 
MnO2-
carbon 
composites 
/GCE 
Cd(II) 
Pb(II) 
ASV --- Pb(II): 5.6  µg L
-1
 
Cd(II): 5.8  µg L
-1
 
 
--- - MnO2 with different carbonaceous materials is considered.  
- Measurements in 0.020  mol L
-1
 sulphuric acid 0.030 mol L
-1
  
potassium chloride media. 
- Ed = -1.3 V, td = 120 s, potential scan from -1.3 V to 0.6 V. 
[163] 
ZrO2-
TiO2/CPE 
In(III) SWASV --- 
---- 
--- - Determination of In(III) in the presence of Pb(II). [164] 
 
ZrO2-
TiO2/CPE 
Cd(II) 
Pb(II) 
CV --- Cd(II): 1.2 mg L
-1
  
Pb(II): 1.6 mg L
-1
 
Cd(II): 5.6 - 1120 mg L
-1
  
Pb(II): 2 - 2010 mg L
-1
  
- Work devoted to the preparation of the electrode. [165] 
Mg-Al 
LDHs/GCE 
Cd(II) SWASV Reservoir 
water 
0.02  µg L
-1
 
(td 120s)  
0.6 ng L
-1
 (td 30 
min) 
11 – 112 µg L
-1
 (td 120s) 
2.24 - 6.7 µg L
-1
 
(td 30 min) 
 
- Nafion is used as binder of Mg–Al LDHs with electrode surface. 
- Measurements in a 0.1 mol L
-1
 phosphate buffer (pH 5.0) media. 
- Ed = -1.4 V, td = 120 s (or 30 min), potential scan from -1.0 V to -
0.6 V. 
[166] 
3C-SiCFE Cu(II) 
Ag(I) 
DPASV --- Cu(II): 0.006 µg L
-1
     
Ag(I): 0.004  µg L
-1
     
0.01 - 1.0  µg L
-1
     - Analyzed separately. 
- Ed = -0.4 V for Cu(II) and 0 V for Ag(I), td = 180 s 
- Cleaning step: 0.6 V for at least 8 min after each measurement. 
[167] 
MgSiO3 
hollow 
spheres 
/GCE 
Cd(II) 
Pb(II) 
Cu(II) 
Hg(II) 
SWASV  Water  Cd(II): 0.02 µg L
-1
 
Pb(II): 0.06 µg L
-1
 
Cu(II): 0.006 µg L
-1
 
Hg(II): 0.030 µg L
-1
  
Cd(II): 11 - 110 µg L
-1
 
Pb(II): 20 - 200 µg L
-1
 
Cu(II): 6 - 63 µg L
-1
 
Hg(II): 20 - 200 µg L
-1
 
- Nafion is used as binder of MgSiO3 hollow spheres and the 
electrode surface. 
- Measurements in 0.1 mol L
-1
 acetate buffer (pH 5.0) media. 
- Ed = 1.4 V, td = 180 s, potential scan from -1.4 V to 0.5 V.  
- LODs much lower than the guideline values in drinking water 
given by WHO. 
[168] 
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nanosheets modified glassy carbon electrode; CoO/EGrE: cobalt oxide modified exfoliated graphite electrode; Mg-Al LDH/GCE:  magnesium and aluminium layered double hydroxides modified 
glassy carbon electrode; ZrO2-TiO2/CPE: zirconium dioxide titanium dioxide modified carbon paste electrode; 3C-SiCFE: cubic silicon carbide film electrode; MgSiO3 hollow spheres/GCE: hollow 
spheres of MgSiO3 modified the glassy carbon electrode.  
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Table 9. Electrodes modified with molecules.   
Electrode Analyte Technique Sample LOD  Linear range  Comments Reference 
EDTA-CN-NS-
Nafion/GCE  
 
Pb(II) DPASV Water  0.12 ng L
-1
 two linear ranges: 
0.4 ng L
-1
 - 0.23  μg L
-1
  
0.23 - 343 μg L
-1
 
- EDTA is covalently immobilized onto CN-NS using N-
(trimethoxysilylpropyl) ethylene-diamine triacetic acid 
sodium salt as a coupling reagent. 
- GCE is modified by dropping a mixture of EDTA-CN-NS and 
Nafion onto the electrode surface. 
- Measurement in a phosphate buffer media. 
- Ed = -0.6 V, td = 350 s, potential scan from -0.9 V to -0.2 V. 
[169] 
MTU-GO-
AuNPs/ITOE 
 
 
Hg(II) DPV Tap, 
bottled 
and lake 
waters  
0.16 μg L
-1
 1 - 22 μg L
-1
 - MTU is dropped on the electrodes surface of the modified 
GO-AuNPs /ITO electrode. 
- MTU is fixed on the surface via strong S–Au interactions. 
- Measurement in a 0.2 mol L
-1
 phosphate buffer (pH 1) 
media. 
- A previous accumulation step at open circuit is performed 
along 5 min before DPV scan. 
- Potential scan from 0 V to +1.0 V. 
[170] 
AP-GO/GCE Cd(II) 
Cu(II) 
SWASV Tap water 
and 
human 
urine 
Cd(II): 0.4 ng L
-1
 
Cu(II): 0.2 ng L
-1 
Cd(II): 1 - 56 ng L
-1
 Cu(II): 
0.6 - 32 ng L
-1 
- A negative reduction potential is applied to a p-nitrophenyl 
modified GCE to reduce the nitro groups to amine forming 
the p-aminophenyl modified electrode. 
- Measurements in an acetate buffer (pH 4.5) media. 
- Accumulation is performed at open circuit along 15 min at 
30
o
C.  
- Ed = -1.0 V, potential scan from -1.0 V to 0 V. 
[171] 
L-SNPs/CPE Cd(II) 
Cu(II) 
Hg(II) 
SWASV Tap water, 
Persian 
Gulf 
water, 
tobacco, 
fish and 
shrimp 
tissues, 
human 
hair and 
rice  
Cd(II): 0.3 μg L
-1 
Cu(II): 0.1 μg L
-1
   
Hg(II): 0.05 μg L
-1
 
Cd(II): 1.5 - 1000 μg L
-1 
Cu(II): 0.6 - 1100 μg L
-
1
Hg(II): 0.5 - 1000 μg L
-1
 
- Electrode is prepared by mixing the ligand modified silica 
nanoparticles and the graphite powder paraffin in a mortar. 
- Measurements in a Britton-Robinson buffer (pH 2.0) media. 
- Ed = −1.1 V, td = 60 s, potential scan from -1.1 V to 0.7 V. 
- After each measurement a renewed CP surface is obtained 
by polishing of the electrode on a paper. 
[172] 
L-
MWCNTs/CPE  
Pb(II) 
Hg(II)  
SWASV sea water, 
waste 
Hg(II): 0.18 μg L
-1
  
Pb(II): 0.12 μg L
-1
  
0.5 -140 μg L
-1
  
 
- Electrode is prepared  introducing the ligand into 
the matrix of CPE modified with MWCNTs. 
[173] 
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 water, 
tobacco, 
marine 
and 
human 
teeth  
 - Measurements in a hydrochloric acid (pH = 3) media.  
- Ed = −1.2 V, td = 90 s, potential scan from -0.8 V to 0.7 V. 
- Conditioning step: 0.9 V along 45 s is applied before each 
measurement. 
 
2-HBBH/CPE Ag(I) DPASV Estuarine 
waters 
1.1 ng L
-1
 0.001-100 μg L
-1
 
 
- 2-HBBH together with paraffin oil are incorporated in the 
CPE. 
- Measurement in a 0.1 mol L
-1
 phosphate buffer (pH 5.5) 
media (pH 1 in real samples). 
- Accumulation step: 180 s at open circuit.  
- Ed = 0.0 V, td = 180 s, potential scan from -0.4 V to 0.7 V. 
[174] 
AcAcNH2-
HMS/CPE 
 
 
Cd(II) 
Pb(II) 
Cu(II) 
SWASV waste 
water 
Pb(II): 5.4 μg L
-1
 
Cd(II): 47.4  μg L
-1
 
Cu(II): 4.2 μg L
-1
 
Cd(II): 0.1 - 1.3 μg L
-1
  
Pb(II): 0.03 - 
0.9 μg L
-1
  
Cu(II): 0.01 - 1.1 μg L
-1
 
 
- Electrode is prepared by homogeneous mixing AcAcNH2 and 
mesoporous silica with carbon powder and paraffin oil. 
- Measurement in a Britton-Robinson buffer (pH 5.02) media. 
- Ed = -1.1 V, td = 210 s, potential scan from -1.2 V to 0.25 V, 
scan rate 50 mV s
-1
. 
[175] 
In situ Bi-L- 
Nafion/GCE 
 
 
Cd(II) DPASV  0.014 μg L
-1
 0.056 - 1.12 μg L
-1 
(td = 180 s) 
- Electrode prepared by coating the GCE with the cadmium 
ionophore N,N,N′,N′-tetrabutyl- 
3,6-dioxaoctanedi(thioamide) and Nafion composite. 
- Bismuth is deposited in situ on the electrode surface. 
- Measurement in a 0.1 mol L
-1
 acetate buffer (pH 4.5) 
solution. 
- Ed = -1.4 V, td = 180 s; potential scan from -1.4 V to -0.3 V. 
- Cleaning step: electrolysis at 0.3 V along 60 s in fresh 
supporting electrolyte prior to the next cycle. 
[176] 
IL-GR-L/CPE 
 
 
 
Tl(I) 
Pb(II) 
Hg(II) 
SWASV Tap water, 
river 
water and 
soil 
samples 
Tl(I): 0.07 μg L
-1
  
Pb(II): 0.09 μg L
-1
 
Hg(II): 0.08 μg L
-1
  
0.25 – 40 μg L
-1
 - Measurements in a 0.2 mol L
-1
 acetate buffer (pH 4.0) 
media. 
- Ed = -1.1 V, td = 90 s, potential scan -1.0 to 0.4 V.   
- Pre-conditioning step: 0.9 V along 45 s before each 
measurement.  
[177] 
IIP-IL/CPE Hg(II) DPSAV Waste 
water 
0.02 μg L
-1
 two linear ranges: 
0.1 – 2 μg L
-1 
16 - 400 μg L
-1
 
- Accumulation step: 20 min (stirring 400 rpm) in a phosphate 
buffer (pH 4.5) media at open circuit. 
- Measurement step in a 0.1 mol L
-1
 hydrochloric acid media. 
- Ed = -0.9 V, td = 35 s, potential scan -0.9 to -0.4 V. 
- Cleaning step: after each experiment the electrode surface 
is removed with a paper sheet.  
[178] 
IIP-RGO/GCE Hg(II) SWASV --- 0.02 μg L
-1
 0.07–80 μg L
-1
 - The IIP-RGO is prepared by surface imprinted method. [179] 
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- The GCE modification is performed by dropping a Nafion/IIP-
RGO suspension on the electrode surface. 
- Accumulation step: 13 min at open circuit in a 0.1 mol L
-1
 
acetate buffer (pH 4.5) media. 
- Reduction and measuring step in a medium changed (0.1 
mol L
-1
 nitric acid / 0.5 mol L
-1
 potassium chloride): Ed = -0.7 V, 
td = 50 s, potential scan -0.1 to 0.7 V (scan rate 100 mV s
-1
). 
- Conditioning step: 0.8 V along 70 s in a 0.2 mol L
-1
 nitric acid 
media after each measurement. 
IIP and multi-
walled carbon 
nanotubes 
(MWCNTs) 
Ag(I) DPASV Tap, 
ground 
and river 
waters 
0.013 μg L
-1
  
 
0.05 - 30 μg L
-1
 - The electrode is prepared by mixing the graphite powder, 
the nanosized silver IIP and the MWCNTs. 
- Measurements in a 0.1 mol L
-1
 acetate buffer solution (pH 
5.0) media. 
- Ed = -0.4 V, td = 180 s, potential scan from .0.2 V to 0.2 V 
(scan rate 30 mV s
-1
). 
[180] 
NMP-IL-/HF-
GCE 
Cd(II) 
Pb(II) 
DPV Tap river, 
and waste 
water 
Cd(II): 0.61 μg L
-1
  
Pb(II): 0.19 μg L
-1
  
Cd(II): 2 - 13000 μg L
-1
  
Pb(II): 0.6 - 6500 μg L
-1
 
- Accumulation step: 1800 s (stirring 200 rpm) at open circuit. 
- Measurements in a 0.1 mol L
-1
 hydrochloric acid and 30 mg 
L
-1
 mercury acetate media. 
- Ed = -0.85 V, potential scan -0.85 to -0.4 V. 
- Tentative study in which further investigation is needed. 
[181] 
P123-SH-
IL/GCE 
Cd(II) DCASV Water  0.11 μg L
-1
 3.25 μg L
-1
 - 97 mg L
-1
 - The GCE is coated with a P123-SH/ILs suspension and the 
solvent is evaporated at room temperature. 
- Measurements in a 0.1 mol L
-1
 acetate buffer 
(pH 5.5) media. 
- Ed = -1.1 V, td = 240 s, potential scan from -1.1 V to -0.4 V. 
- Conditioning and activation steps: 0.5 V along 120 s, and 10 
successive cyclic potential scans from -1.1 V to -0.4 V at 100 
mV s
-1
 in a 0.1 mol L
-1 
sodium hydroxide media. 
[182] 
kryptofix 21-
capped AuNP-
RGO/CPE 
Cu(II) DPASV River, tap, 
dam 
waters 
0.1 μg L
-1
 0.5 - 75 μg L
-1
 - The modified CPE is prepared by mixing graphite powder, 
kryptox 21-capped GNPs and RGO with paraffin oil. 
- Measurement in a 0.1 mol L
-1
 hydrochloric acid media. 
- Ed = -0.4 V, td = 180 s, potential scan from -0.5 V to 0.2 V 
(scan rate 50 mV s
-1
). 
[183] 
Crown-ether- 
MWCNT/CPE 
 
 
Hg(II) LSV Blood, 
urine or 
tab-water 
0.25 mg L
-1 
5 - 110 mg L
-1 
- The modified CPE is prepared by mixing the crown ether, 
the MWCNTs and the graphite powder.  
- Measurements in a 0.25 mol L
-1
 phtalic acid media. 
- Accumulation along 300 s at open circuit. 
- Potential scan from -0.2 V to 1.0 V (scan rate 50 mV s
-1
). 
[184] 
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- Activation step: the electrode is activated in phthalic acid 
applying 10-cyclic scans 
Dicyclohexyl-
18-crown-
6/CPE 
 
Tl(I) DPASV Water, 
hair  
0.86 μg L
-1
 3.0 - 250 μg L
-1
 - The modified CPE is prepared by mixing the graphite 
powder, the crown and silicon oil. 
- Measurements in a 0.10 mol L
-1
 acetate buffer (pH 5.0) 
media. 
- Ed = -1.2 V, td = 300 s, potential scan from -1.4 to -0.7 V (scan 
rate 20 mV s
-1
). 
- Regeneration step: after every measurement a thin layer of 
the surface is removed with a spatula and replaced by fresh 
paste. 
[185] 
PDMS-PA-
DB18C6/SPCE 
Pb(II) DPASV Waste 
water 
3.5 μg L
-1
 20 - 700 μg L
-1
 - Modification of SPCE by drop coating. 
- Measurements in a 0.05 mol L
-1
 hydrochloric acid media. 
- Accumulation step: -1.1 V along 120 s at open circuit.  
- Ed = -1.1 V, td = 90 s, potential scan from -1.1 V to 0 V (scan 
rate 7.5 mV s
-1
). 
- Accumulation and deposition steps are carried out in still 
solution (a drop covering the SPCE surface). 
[186] 
In situ Bi-
3DAGN-
STP/GCE  
 
Cd(II), 
Pb(II) 
DPASV --- Cd(II): 0.1 μg L
-1
  
Pb(II): 0.2 μg L
-1
  
Cd(II): 1 - 70 μg L
-1
 Pb(II): 1 
- 80 μg L
-1
  
- 3DAGN–STP nanocomposite is prepared by in situ chemical 
co-polymerization of m-aminobenzene sulfonic acid and 
aniline in the presence of graphene nanosheets. 
- Modification of the GCE by drop coating. 
- Formation of an in situ Bi film. 
- Measurements in a 0.1 mol L
-1 
acetate buffer (pH 4.0) 
media. 
- Ed = -1.1 V, td = 300 s, potential scan from -1.1 V to 0.1 V 
(scan rate 7.5 mV s
-1
). 
[187] 
In-situ Bi- 
PmPD /GCE 
 
 
Cd(II) 
Pb(II) 
SWASV --- Cd(II): 0.02 μg L
-1
  
Pb(II): 0.04 μg L
-1
 
 
6 - 240 μg L
-1
 - Modification of the GCE by electropolymerization. 
- Formation of an in situ Bi film. 
- Measurements in a 0.1 mol L
-1 
acetate buffer (pH 4.0). 
- Ed = -1.0 V, td = 150 s, potential scan from -1.2 V to -0.2 V. 
- Cleaning step: 0.5 V along 60 s prior to the next cycle. 
[188] 
In-situ Bi G-
PANI/SPCE 
 
 
 
Zn(II) 
Cd(II)  
Pb(II) 
SWASV Human 
serum 
Zn(II): 1.0 μg L
-1
  
Cd(II): 0.1 μg L
-1
  
Pb(II): 0.1 μg L
-1
  
1 - 300 μg L
-1
 - Graphene-polyaniline nanocomposite is prepared by 
reverse-phase polymerization in the presence of 
polyvinylpyrrolidone. 
- Modification of the SPCE surface by electrospray. 
- Formation of an in situ Bi film. 
- Measurements in a 0.1 mol L
-1
 acetate buffer (pH 4.5) 
[189] 
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media. 
- Ed = -1.6 V, td = 240 s, potential scan from -0.8 V to 0.7 V 
(scan rate 100 mV s
-1
). 
In situ Bi-
PANI/GCE 
 
 
Cd(II) 
Pb(II) 
SWASV  Cd(II): 0.12 μg L
-1
   
Pb(II): 3.4 μg L
-1
 
Cd(II): 2.8 - 16.8 μg L
-1
   
Pb(II): 5.2 - 31 μg L
-1
 
- Measurements in a 0.020 mol L
-1
 sulfuric acid and 0.030 mol 
L
-1
 potassium chloride media. 
-  Ed = -1.3 V, td = 120 s, potential scan from -1.3 V to -0.25 V. 
- Conditioning step: 0.6 V along 30 s. 
[190] 
In situ Sn-
poly(p-ABSA)-
G/GCE 
Cd(II) SWASV Industrial 
waste 
water, 
lake 
water, 
farm-land 
irrigation 
water 
0.05 μg L
-1
 1.0 - 70.0 μg L
-1
 - Prepared by successive electrodeposition of exfoliated 
graphene oxide and electropolymerization of p-
aminobenzene sulfonic acid. 
- Formation of an in situ stannum film. 
- Measurements in a 0.1 mol L
-1
 acetate buffer media. 
- Ed = -1.2 V, td = 120 s, potential scan from -1.2 V to 0 V. 
- Conditioning step: 0.3 V along 30 s under stirring condition 
before next cycle. 
[191] 
Ex-situ Sb-
SPAN-EGSPE 
Pb(II) 
Cd(II) 
DPASV River and 
tap water 
Pb(II): 0.2  µg L
-1
 
Cd(II): 0.41  µg L
-1
   
2 - 70   µg L
-1
 -   Mesuraments in a 0.1 mol L
-1
 acetate buffer (pH 4.5) 
media.  
- Ed= -1.1 V, td= 180 s, potential scan from -1.1 V to -0.3 V. 
[192]   
Ex-situ Sb-
PEDOTSDS-
GCE 
Pb(II) 
Cd(II) 
SWASV Mineral 
and river 
water 
Pb(II): 0.5  µg L
-1
 
Cd(II): 0.8  µg L
-1
   
4.5 - 140  µg L
-1
   -   Mesuraments in an acetate buffer (pH 4.0) media. 
- Ed= -1.0 V, td = 60 s, potential scan from -0.8 to 0.0 V. 
[193]   
 
Ag-dipy-CP-
PMB/GCE 
Hg(II) 
Cu(II) 
Pb(II) 
DPASV Fish and 
plants  
Hg(II): 0.09 μg L
-1
 
Cu(II): 0.71 μg L
-1 
Pb(II): 2.3 μg L
-1
  
Hg(II): 0.2 - 10 μg L
-1
  
Cu(II): 1.3 - 6.4 μg L
-1 
 
Pb(II): 4.1 - 20.7 μg L
-1
  
- Coordination polymer immobilized on the GCE surface via 
an organic electrodeposited layer. 
- Accumulation step: Ed =-0.6 V, td = 300 s.  
- Measurements in a new cell in an acetate buffer media: 
potential scan from -0.65 V to 0.55 V (scan rate 10 mV s
-1
). 
- Regeneration: 0.8 V along 100 s in acetate buffer media. 
[194] 
[PAH–GS]12/ 
GCE 
 
 
Cu(II) DPASV --- 22 μg L
-1
  32 μg L
-1 
- 3.2 mg L
-1
 - Modification is done by layer by layer self-assembly 
methodology.  
- Measurements in 0.1 mol L
-1
 ammonium buffer (pH 7.0) 
media. 
- Ed =-0.4 V, td = 420 s, potential scan from -0.4 V to 0.3 V. 
[195] 
(P(DPA-co-
2ABN)/GCE) 
 
 
Cd(II) 
Pb(II) 
DPASV Tap water Cd(II): 0.255 µg L
-1
  
Pb(II): 0.165 µg L
-1
 
Cd(II): 1.26 - 907.8  µg L
-1
  
Pb(II): 0.26 - 58.73  µg L
-1
  
- Modification is performed through electrodeposition of 
P(DPA-co-2ABN) film onto the surface of GCE by CV. 
- Measurements in a pH 2 media. 
- Ed = -1.0 V, td = 60 s, potential scan from -1.1 V to 
-0.2 V (scan rate 30 mV s
-1
). 
[196] 
in situ PbNPs- Bi(III) SWASV River 0.5 ng L
-1
 2 -41 ng L
-1 
(30 min) - SH-PF is deposited and electrochemically activated onto the [197] 
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EDTA-CN-NS-Nafion/GCE: EDTA-immobilized graphene-like carbon nitride nanosheets Nafion modified glassy carbon electrode;2-HBBH/CPE: 2-hydroxybenzaldehyde benzoylhydrazone 
modified carbon paste electrode; MTU-GO-AuNPs/ITOE: 5-methyl-2-thiouracil graphene oxide gold nanoparticles modified indium tin oxide electrode; AP-GO/GCE: p-aminophenyl graphene 
oxide modified glassy carbon electrode; L-SNPs/CPE: N,N'-bis(3-(2-thenylidenimino)propyl)piperazine coated silica nanoparticles modified carbon paste electrode; L-MWCNTs/CPE: 3-(4-
methoxybenzylideneamino)-2-thioxothiazolodin-4-one multi-walled carbon nanotubes modified carbon paste electrode; AcAcNH2-HMS/CPE:  acetyl-acetone hexagonal mesoporous silica 
modified carbon paste electrode; in situ Bi-L-Nafion/GCE: in situ bismuth N,N,N′,N′-tetrabutyl-3,6-dioxaoctanedi(thioamide)-Nafion modified glassy carbon electrode; IL-GR-L/CPE: 1-n-
octylpyridinum hexafluorophosphate, graphene and [2,4-Cl2C6H3C(O)CHPPh3] composite carbon paste electrode; IIP-IL/CPE: ion imprinted polymer ionic liquid composite carbon paste 
electrode; IIP-RGO/GCE: ion imprinted polymer reduced graphene oxide modified glassy carbon electrode; IIP-MWCNTs/CPE: ion imprinted polymer multi-walled carbon nanotubes modified 
carbon paste electrode; NMP-IL-/HF-GCE: nanomagnetic particles 1-butyl-3-methylimidazolium hexafluorophosphate modified hollow fiber-graphite electrode; P123-SH-IL/GCE: thiol-
functionalized mesoporous molecular sieve 1-butyl-3-methylimidazolium tetrafluoroborate modified glassy carbon electrode; kryptofix 21-capped AuNP-RGO/CPE: kryptofix 21 capped gold 
nanoparticles reduced graphene oxide modified carbon paste electrode; crown ether-MWCNT/CPE: crown ether multi-walled carbon nanotubes modified carbon paste electrode; 
dicyclohexyl-18-crown-6/CPE: dicyclohexyl-18-crown-6 modified carbon paste electrode; PDMS-PA-DB18C6/SPCE : siloxane-crown ether polyamide copolymer modified screen-printed carbon 
electrode; in situ Bi-3DAGN-STP/GCE: in situ bismuth film three-dimensional activated graphene networks sulfonate-terminated polymer modified glassy carbon electrode; in-situ Bi-
PmPD/GCE: in situ bismuth film thiolated poly(m-phenylenediamine) modified glassy carbon electrode; in-situ Bi G-PANI/SPCE: in situ bismuth film graphene-polyaniline modified screen 
printed carbon electrode; in situ Bi/PANI/GCEs: in situ bismuth filmpolyanilinemodified glassy carbon electrode; Sn-poly(p-ABSA)-G/GCE: stannum film poly(p-aminobenzene) sulfonic acid 
graphene composite modified glassy carbon electrode; ex-situ Sb-SPAN-EGSPE: ex-situ antimony film sulfonated polyaniline expanded graphite paper based electrode; ex-situ Sb-PEDOTSDS-
GCE: ex-situ antimony film poly(3,4-ethylenedioxythiophene)-sodium dodecyl sulfate modified glassy carbon electrode;  Ag-dipy-CP-PMB/GCE: 4,4’-bipyridine silver coordination polymer 
phenylmethyl-4,4’-bipyridinium modified glassy carbon electrode; [PAH–GS]12/ GCE: multilayer polyallylamine hydrochloride graphene oxide modified glassy carbon electrode; P(DPA-co-
2ABN)/GCE: poly(diphenylamine-co-2-aminobenzonitrile) modified glassy carbon electrode; in situ PbNPs-SH-PF/GCE: in situ lead nanoparticles thiol-functionalized polysiloxane modified 
glassy carbon electrode.  
Table 10. Electrodes modified with biomolecules and biomaterials. 
SH-PF/GCE water electrode surface. 
- Lead nanoparticles are in-situ electroplated on the modified 
GCE. 
- Accumulation step in a 0.1 mol L
-1
 nitric acid media along 30 
min at open circuit in the absence of PbNPs. 
- Reduction and measurement steps in a 3 mol L
-1
 
hydrochloric acid (containing lead): Ed = -1.35 V, td = 180 s, 
potential scan from -0.7 V to 0.3 V. 
Electrode Analyte Technique Sample LOD  Linear range  Comments Reference 
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D-
penicillamine
/GCE 
Cd(II) 
Pb(II) 
DPASV Waste 
water 
Cd(II): 4.30  μg L
-1 
Pb(II); 3.02  μg L
-1
 
Until 115  μg L
-1
 - D-penicillamine immobilized via electrografting on aryldiazonium salt 
monolayer anchored to the GCE surface. 
- Measurements in a 0.1 mol L
-1
 acetate buffer (pH 4.5) media.  
- Ed = -1.25 V, td = 120 s, potential scan from -1.25 V to -0.5 V. 
-  Cleaning step: -0.5 V along 30 s after each measurement. 
[198] 
GSH/SPCNFE 
 
Cd(II) 
Pb(II) 
DPASV Waste 
water 
Cd(II): 3.2  μg L
-1
 
Pb(II): 3.0  μg L
-1
  
Cd(II): 10.8 - 150.1  μg L
-1
 
Pb(II): 10.1 - 150.1  μg L
-1
 
- The commercial CNFs-SPCE is modified with glutathione via electrografting.  
- Comparison with a glutathione modified SPCE. 
- Measurements in a 0.1 mol L
-1
 acetate buffer (pH 4.5) media.  
- Ed = -1.4 V, td = 120 s, potential scan from -1.4 V to -0.45 V. 
-  Cleaning step: -0.3 V along 15 s in a 0.1 mol L
-1
 HClO4 media after each 
measurement. 
[199] 
Gly-Gly-
His/SWCNT-
SiE  
 
Cu(II) DPV --- --- --- - An eletrografting aminophenyl film is created on the H-terminated silicon 
substrate in which carboxyl functionalized CNTs are immobilized. The 
tripeptide Gly-Gly-His is then covalently attached. 
- Accumulation step: 10 min at open circuit.  
- Measurement step (medium change) in ammonium acetate buffer (pH 7.0) 
media. Potential scan from 0.1 V to -0.6 V. 
- Cleaning step: by immersion in 0.1 mol L
-1
 HClO4 solution along 30 s at open 
circuit after each measurement. 
[200] 
thiolated 
amino acid-
AuNP-IL/CPE 
Hg(II) SWV Waste and 
tap water 
0.46  μg L
-1
 (Cys) 2 μg L
-1
 - 4 mg L
-1
 -  Electrode prepared by hand-mixing the graphite powder, the ionic liquid 
and the thiolate amino acid-capped AuNPs. 
- Thiolate amino acid-capped AuNPs prepared by mixing and stirring solutions 
of the amino acids and AuNPs. 
- Study of the influence of the amino acid considered (Cys, HCys and GSH). 
- Measurements in a 0.1 mol L
-1
 phosphate buffer (pH 7.0) media. 
- Accumulation step: at open circuit. 
- Measurement step: potential scan from 0.5 V to 0.1 V. 
[201] 
PeptideNF 
/AuE 
Cu(II) SWV --- --- Until 3.2 mg L
-1
 - The electrode is prepared by self-assembled peptide nanofibers with AuE. 
- Accumulation 2 min at open circuit, potential scan from 0.25 V to -0.05 V in 
an ammonium acetate buffer (pH 6.8) media. 
- Regeneration of the electrode is required after each measurement. 
[202] 
MT/HMDE Ag(I) DPV --- 53.5 μg L
-1
 Until 53 mg L
-1
 - Indirect analysis of Ag(I) ions. Ag(I) is determined analyzing the decrease of 
the metallothionein oxidation peak due to the complexation with Ag(I) ions. 
- Steps: Adsorption of metallothionein on the HMDE surface at open circuit 
(120 s). Rinsing of the electrode. Interaction with analyte ions in a drop of the 
sample solution at open circuit. Rinsing of the electrode. DPV scan from -1.2 V 
to -0.3 V. 
[203]  
MT- Ag(I) SWV Water  53.5 ng L
-1
 Two linear ranges: - Immobilization of metallothionein into the surface of CPE via anti-MT- [204] 
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antibody/CPE 1.07 - 1600 μg L
-1
 
1.6 - 53 mg L
-1
 
 
antibodies. 
- Accumulation step: electrode surface in contact with the sample along 300 
s. 
- Measuring step in a 0.2 mol L
-1
 borate buffer (pH 9.6): potential scan from 
0.0 V to 1.6 V. 
- Signal related with the oxidation of a Ag-MT complex. 
- Interferences of Cu(II), Hg(II), Pt(II), Cd(II), Zn(II), Fe(II), and 
Ni(II) are tested. 
Guanine-
CNT/GCE 
 
 
Ag(I) DPV --- 3.21 μg L
-1
 10.7 - 268 μg L
-1
 - Indirect analysis of Ag(I) ions. Ag(I) is determined analyzing the decrease of 
the guanine oxidation peak due to the influence of Ag(I) in the formation of 
oxidation intermediate and the electrocatalytic oxidation activity of guanine. 
- Guanine is deposited on the electrode surface via in situ with the analyte. 
- Incubation step: a solution of guanine in a 0.1 mol L
-1
 acetate buffer (pH 5.0) 
solution and the Ag(I) ions (from standards o samples) incubated along 20 
min at room temperature. 
- Accumulation step: The CNTs/GCE is dipped into the above solution to 
accumulate the Ag-guanine at 0.3V for 240 s. 
- Measurement step: DP potential scan from 0.6 V to 1.1 V. 
[205] 
T-AuNP-
RGO/GCE 
 
 
Hg(II) DPASV Tap water <1.5 ng L
-1
 10 ng L
-1
 - 1.0 μg L
-1 
-Thymine is covalently coupled through its carboxyl group to the AuNP-
RGO/GCE modified by self-assembled monolayer of cysteamine. 
- Accumulation step: immersion in the sample solution during 15 min at open 
circuit. 
- Measuring step in a 0.01 mol L
-1
 phosphate buffer/0.5 mol L
-1
 sodium 
chloride (pH=7.0) solution:  reduction at Ed = -0.4 V, td = 120 s; potential scan 
from -0.5 V to 0.5 V.  
- Regeneration step: by washing in an EDTA solution. 
- Excellent selectivity against Zn(II), Cd(II), Pb(II), Cu(II), Ni(II), and Co(II). 
[206]  
 
PTO/AuE Hg(II)  DPASV --- 12 ng L
-1
 40 - 200 ng L
-1
 - Electrode prepared by self-assembly of thiolated polythymine 
oligonucleotide on the AuE via Au-S bonds, and then passivated with 1-
mercaptohexanol. 
- Accumulation step: immersion in the sample solution along 15 min at open 
circuit. 
- Measuring step in a 0.01 mol L
-1
 HEPES buffer and 1 mol L
-1
 sodium 
perchlorate (pH 7.2) media: reduction at Ed = -0.2 V,  td = 60 s; potential scan -
0.2 V to 1.0 V. 
- High selectivity, which allows determination of Hg(II) even in the presence of 
excess (200-fold) of other metal ions. 
[207] 
Chitosan Cu(II), DPASV --- Pb(II): 12.8 μg L
-1 
Pb(II): 412 - 3270 μg L
-1
  - The electrode is coated by dropping some µL of chitosan solution. [208] 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
103 
 
/GCE 
 
Pb(II), 
Cd(II), 
As(IV), 
Pt(IV) 
Cu(II): 57 μg L
-1
  
Cd(II): 263 μg L
-1
 
As(IV): 50 μg L
-1
 
Pt(IV):  6.8 μg L
-1
 
Cu (II): 253 - 2484 μg L
-1
 
Cd(II): 1781 - 6977 μg L
-1
 
As(IV): 599 - 3780 μg L
-1
 
Pt(IV): 1597 - 7000 μg L
-1
 
 
- Measurement in a phosphate buffer (pH 7) media. 
- Pre-concentration between -1.0 to -0.1 V, depending on the metal ion, td = 
180 s, potential scan depending on the metal ion (scan rate of 10 mV s
-1
) 
- Each experiment in a newly prepared CT-GCE.  
- The possibility of simultaneous detection of more than a metal ion is also 
introduced. 
Chitosan 
/SPCE 
Pb(II), 
Cu(II), 
Cd(II), 
Hg(II) 
DPASV --- Pb(II): 3.4  µg L
-1
 
Cu(II): 5  µg L
-1
 
Cd(II): 5  µg L
-1 
Hg(II):
 
2  µg L
-1
 
Pb(II): 20 - 160  µg L
-1
 
Cu(II): 10 - 200  µg L
-1
 
Cd(II): 10 - 200  µg L
-1 
Hg(II):
 
 20 - 80 µg L
-1
 
-  The electrode is prepared by printing the support with a homemade carbon 
ink prepared by mixing chitosan, a PVC solution and carbon powder. 
- Measurement in a 0.1 mol L
-1
 hydrochloric acid and potassium chloride 
media. 
- Ed = -1 V, td = 30 s, potential scan from -1 V to -0.4 V (scan rate 50 mV s
-1
). 
- Non electrode regeneration is needed. 
[209] 
Maize 
tassel/CPE 
Cu(II) SWV Waters  8.3 μg L
-1
 78 μg L
-1 
- 25.4 mg L
-1
 - The electrode is prepared by hand mixing of maize tassel powder, graphite 
powder and a mineral oil. 
- Accumulation step: immersion in the sample solution along at open circuit. 
- Measuring step in a 0.05 mol L
-1 
sodium nitrate solution and application of a 
potential scan from 0.6 V to -0.8 V. 
[210] 
 
HRP-maize 
tassel- 
MWCNT/GCE 
Cd(II) CV  0.51 μg L
-1
 2 - 30 μg L
-1
  - Indirect analysis of Cd(II) ions (inhibitor biosensor). Current generated (after 
incubation of the biosensor in the sample solution) as a result of the 
reduction of H2O2 is correlated to Cd(II) concentrations. 
- The electrode is prepared by dropping and drying a dispersion of maize 
tassel and MWCNT in DMF on the surface of a GCE;  
later it is coated with HRP and Nafion which act as a binder. 
- Measurement steps in a 0.1 mol L
-1
 phosphate buffer and 0.1 mol L
-1
 
potassium chloride (pH 7.0) media containing a controlled concentration of 
H2O2: i) the reduction of H2O2 is measured and recorded (potential scan from 
0.6 to -0.6 V (scan rate 100 mV s
-1
), ii) incubation of the biosensor in the Cd(II) 
sample solution along 20 min, iii) measure of the sensor response to H2O2 
(potential scan from 0.6 to -0.6 V (scan rate 100 mV s
-1
)), iv) response of 
biosensor to H2O2 before and after its interaction with Cd(II) is considered. 
- The electrode must be stored at 4◦C when it is not in use. 
[211] 
HRP-maize 
tassel- 
MWCNT/GCE 
Cu(II), 
Pb(II) 
Amperometry --- Pb(II): 2.5 μg L
-1
 
Cu(II): 4.2 μg L
-1
  
Pb(II): 0.092 -0.55 mg L
-1
 
Cu(II): 0.068 -  2 mg L
-1
  
- Inhibition in reduction signals of H2O2 is proportional to metal ion 
concentration. 
- Same procedure than [8]. 
- Amperometric measurements at -0.3 V. 
[212] 
Rhizopus 
arrhizus/CPE 
Pb(II) DPV 
 
--- 1 μg L
-1
 20.7 - 2587 μg L
-1
 - The electrode is prepared by making a homogeneous paste with dried 
nonliving fungal tissue. 
- Accumulation step in a 0.01 mol L
-1 
of Tris–HCl media along 12 min at open 
[213] 
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circuit. 
- Measurement step in a medium changed (0.01 mol L
-1
 Tris-HCl buffer pH 7), 
potential scan from 1.5 V to -1.5 V  
Phormidium/
CPE 
Pb(II) DPV 
 
--- 5.2 μg L
-1
 0.01 - 4.0 mg L
-1
 - The electrode is prepared by making a homogeneous paste with heat dried 
algal biomass, graphite powder, and paraffin. 
- Accumulation step in a 0.05 mol L
-1 
of Tris–HCl media along 10 min at open 
circuit. 
- Measurement step in a changed media (0.05 mol L
-1
 Tris-HCl buffer pH 8), 
potential scan from 1.5 V to -1.5 V 
- Cleaning step: after each determination, electrode was treated with HCl (0.1 
mol L
-1
) and distilled water. 
[214] 
Algae-
OMNiIIP/PGE  
 
 
  
Cu(II) DPASV --- 0.0018 μg L
-1 
 
 
 
0.008 - 7.807 μg L
-1
 - Accumulation step: 210 s at open circuit under dynamic condition.  
- Reduction and measurement (step in the same media): Ed = −1.2 V, td = 15 s, 
scan potential from -0.4 V to 0.3 V (10 mV s
-1
). 
[215] 
Algae-
MIP/PGE 
Cu(II)  DPASV --- 0.004 μg L
-1
 --- - Ed = -1.2 V, td = 180 s, potential scan from -0.4 V to 0.4 V (scan rate 10 mV s
-
1
) 
[216] 
DNA/CPE 
DNA-
AuNPs/CPE 
Ag(I) DPV --- CPE: 11 ng L
-1 
AuNPs/CPE: 2 ng L
-1
 
--- - Analysis based in the decrease of the reduction peak of ethyl green (EG) dye 
used as electroactive label. 
- DNA is electro-immobilized on the CPE or AuNPs/CPE surfaces (0.5 V along 5 
min). Subsequent accumulation of EG is performed (along 5 min at open 
circuit). 
- Hybridization is performed by immersing the probe-modified CPE in a media 
containing the target DNA and Ag(I) along 5 min at 0.50 V. 
[218] 
Aptamer- 
SPMS 
NPs/FTO 
Zn(II) DPASV Human 
blood and 
disrupted 
human cells 
4.2 ng L
-1
 6.5 ng L
-1
 - 3269 μg L
-1
  - Aptamer with the sequence of 5'-GCATCAGTTAGTCATTACGC 
TTACGGCGGCTCTATCCTAACTGATATATTGTGAAGTCGTGTCCC- 3’. 
- Measurements in a 0.1 mol L
-1
 acetate buffer (pH 5.6) media. 
- Ed = -1.7 V, td = 200 s, potential scan from -1.6 V to -1.0 V. 
- Cleaning step:  0.4 V in a 0.1 mol L
-1
 acetate buffer with 0.01 mol L
-1 
EDTA 
and 0.05 mol L
-1 
NaCl after each measurement.  
[219] 
Ts-DNA/AuE Hg(II) DPV tap, lake 
and river 
water 
0.02 μg L
-1
 0.02 - 4 μg L
-1
 - ts-DNA is immobilized onto the AuE surface including a T5 DNA (T: thymine) 
section for Hg(II) identification 
- Accumulation step: incubation of Hg(II) ions in the presence of functional 
oligonucleotide and methylene blue. 
-Potential scan from 0 V to -0.4 V. 
[220] 
DNAzyme 
based 
Pb(II) DPV  1 10
-19
 mol L
-1
 110
-17
 - 110
-4
 mol L
-1
 
(logarithmic dependence) 
- The DNA biosensor is fabricated by immobilizing capture probe DNA on 
three dimensional ordered macroporous Au–Pd bimetallic electrode, which is 
[221] 
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D-penicillamine/GCE: D-penicillamine modified glassy carbon electrode; GSH/SPCNFE: glutathione modified carbon nanofibers screen printed electrode; thiolated amino acid-AuNP-IL/CPE: 
thiolated amino acid capped Au nanoparticle ionic liquid modified carbon paste electrode; Gly-Gly-His/SWCNT-SiE: Gly-Gly-His modified single wallet carbon nanotubes silicon electrode; 
peptideNF/AuE: peptide nanofibers modified gold electrode; MT/HMDE: metallothionein modified hanging mercury drop electrode; MT-antibody/CPE: metallothionein antibodymodified 
carbon paste electrode; Guanine-CNT/GCE: guanine carbon nanotubes modified glassy carbon electrode; T-AuNP-RGO/GCE: thymine modified gold nanoparticles/reduced graphene oxide 
nanocomposite glassy carbon electrode; PTO/AuE: thiolated polythymine oligonucleotide modified gold electrode; Chitosan/GCE:  chitosan modified glassy carbon electrode; Chitosan/SPCE: 
chitosan modified screen-printed carbon electrode; PTO/AuE: thiolated polythymine oligonucleotide modified gold electrode; D-penicillamine/GCE: D-penicillamine modified glassy carbon 
electrode; Chitosan/GCE:  chitosan modified glassy carbon electrode; Chitosan/SPCE: chitosan modified screen-printed carbon electrode; Maize tassel/CPE: maize tassel modified carbon paste 
electrode; HRP-maize tassel-MWCNT/GCE: horseradish peroxidase maize tassel multiwalled carbon nanotube modified glassy carbon; Phormidium/CPE: Phormidium modified carbon paste 
electrode; Rhizopus arrhizus/CPE: rhizopus arrhizus modified carbon paste electrode; algae-OMNiIIP/PGE: algae- one monomer ion imprinted polymer modified pencil graphite electrode; 
algae-MIP/PGE: algae molecular imprinted polymer modified pencil graphite electrode; Aptamer- SPMS NPs/FTO: aptamer SiO2-Pt@meso-SiO2 core–shell nanoparticles modified graphene 
fluorine doped tin oxide electrode; Ts-DNA-FO-MB/AuE: Tetrahedron-structured DNA functionalized oligonucleotide methylen blue modified gold electrode. 
 
  
electrode further hybridized with the DNA loaded on the methylene blue-SWCNTs 
adduct.  
- Under optimal conditions, the electrochemical signal of the MB is related 
with Pb(II) concentration. 
- Measurement in a 0.05 mol L
-1
 Tris-acetate buffer and 0.5 mol L
-1
 sodium 
chloride (pH 8.0) media. 
DNAzyme 
based 
electrode 
Pb(II) SWV  7.8 pM 0.01 to 1000 nM 
(logarithmic dependence) 
- The goodness is due to the combination of DNAzyme as a recognition 
element and   the rolling circle amplification (RCA) (a unique enzymatic 
process) as a signal amplification tool. 
[222] 
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Table 11. Arrays of electrodes. 
Electrode Analyte Technique Sample Detection limit  Linear range  Comments Reference 
SPAuEA  Pb(II) DPASV 
 
Rain water 0.882 µg mL
-1
 2.941 - 100 µg mL
-1
 - System formed by 96 individual SPAuE, each one with 
working, reference and counter electrodes. 
- This three-electrode screen-printed planar electrode 
system could be used for fully automated electrochemical 
detection of selected species. 
[223] 
AuNP-
SPCEA 
 
Pb(II) 
Cu(II) 
SWASV 
 
Tap water Pb(II): 2.1 ng L
-1
 Cu(II): 
1.4 ng L
-1 
Pb(II): 10 μg L
-1
 - 
100 μg L
-1
 
Cu(II): 10 μg L
-1
 - 
150 μg L
-1
 
 
- In house manufactured array of 8 SPCE modified with 
AuNPs. 
- Measurements in a Briton Robinson buffer (pH 9.2) media. 
- Ed = -0.5 V, td = 250 s, potential scan from -0.2 V to 0.6 V. 
[224]  
 
Au-MEA Zn(II) 
Pb(II) 
Cu(II) 
DPASV --- --- 10 – 50 μg L
-1
 - A light addressable potentiometric sensor for pH is also 
included in the device. 
- MEAs with different diameters and number of 
microelectrodes are considered. 
- Measurements in an acetate buffer and 0.5 mol L
-1
 
potassium chloride (pH 4) media. 
- Ed = -1.35 V, td = 120 s, potential scan from -1.35 V to 0.0 V. 
[228] 
Bi-MEA Pb(II) 
Cd(II) 
Ni(II) 
SWASV 
(Pb(II) and 
Cd(II)) 
AdSV 
(Ni(II)) 
Lake and 
mineral water 
Pb(II): 0.6 μg L
-1 
Cd(II): 0.7 μg L
-1 
Ni(II): 0.7 μg L
-1
 
2.2 - 15 μg L
-1
 For Pb(II) and Cd(II): 
- Ferrocyanide ions are added in the sample solutions to 
alleviate the interference by Cu(II). 
- Measurements in  0.1 mol L
-1
 acetate buffer and 0.01 mol 
L
-1
 potassium chloride (pH 4.5) media. 
- Ed = -1.2 V, td = 120 s, potential scan from -1.2 V to -0.3 V. 
For Ni(II): 
- Complexing ligand: dimethylglyoxime. 
- Measurements in 0.1 mol L
-1
 ammonia buffer and 0.01 mol 
L
-1
 potassium chloride (pH 9.2) media.  
- Ed = -0.7 V, td = 60 s, potential scan from -0.7 V to -1.3 V. 
[230] 
Bi-MEA Co(II) AdASV Lake and 
mineral water 
0.18 μg L
-1
 1.0 - 16.0  μg L
-1
 - 3 electrode microdevice, in which working electrode is a 
bismuth microelectrode array constituted by 625 Bi disks. 
- Microdevice fabricated through sputtering and 
photolithography. 
- Complexing ligand: dimethylglyoxime. 
- Measurements in 10
-3 
mol L
-1
 ammonia buffer (pH 9.2) 
[231]  
 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
107 
 
media. 
- Ed = -1 V, td = 30 s, potential scan from -0.7 V to -1.4 V. 
BiNEEs SWASV Pb(II) --- 60 ng L
-1
 (in-situ Bi 
deposition) 
30 ng L
-1
 (ex-situ Bi 
deposition) 
1 - 14 μg L
-1
 - Measurements in 0.01
 
mol L
-1
 hydrochloric acid media. 
- Ed = -1.1 V, td = 180 s, potential scan from -0.8 V to -0.3 V. 
- Conditioning step: 90 s at 0.5 V for in-situ Bi electrode and 
60 s at –0.3 V for ex-situ Bi electrode. 
[232] 
AuNWEEs ASV As(III) River water 0.08 μg L
-1
 until 20 μg L
-1
 - As(V) is determined by difference between As(III) and total 
arsenic, which is determined after reduction of As(V) with 
cysteine. 
[233] 
        
 
 
SPAuEA : screen-printed gold electrode array; AuNP-SPCEA: gold nanoparticles modified screen-printed carbon electrode array; Bi-MEA: bismuth film microelectrode array; BiNEES: bismuth 
modified ensembles of gold nanoelectrodes; AuNWEEs: ensembles of gold nanowires electrodes 
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Table 12. Voltammetric electronic tongues. 
Electrodes Analyte Technique Sample LOD  Linear range  Comments Reference 
        
GSH–GEC 
Cys-Gly-GEC 
ɣ-Glu-Cys-GEC 
Pb(II) 
Cd(II) 
Zn(II) 
DPASV --- For all the 
electrodes: 
Pb(II): 6.2 µg L
-1
, 
Cd(II): 3.4 µg L
-1
, 
Zn(II): 2.0 µg L
-1
 
0.1 to 1.5 μmol L
-1
 for Pb(II), 
Cd(II) and Zn(II). 
- Peptides immobilized respectively through aryl 
diazonium electrochemical grafting onto the surface of 
GEC. 
- The information provided by one single modified 
electrode at both fixed and multiple pH values (pH 6.8, 
7.5 and 8.2) is compared with those supplied by the 
three-sensor array at multiple pH values. 
- Fast Fourier transform coupled with an ANN is selected 
for the processing of the voltammograms. 
[238]  
 
CB-15-crown-5 
CB-18-crown-6 
Pb(II) 
Cd(II) 
Cu(II) 
DPASV --- CB-15-crown-5 
Pb(II): 3.3 µg L
-1
, 
Cd(II): 4.7 µg L
-1
, 
Cu(II): 2.3 µg L
-1
 
CB-18-crown-6 
Pb(II): 1.5 µg L
-1
, 
Cd(II): 2.4 µg L
-1
, 
Cu(II): 1.5 µg L
-1 
 
CB-15-crown-5 
Pb(II): 10.9 – 186.5 µg L
-1
,  
Cd(II): 15.7 – 191.1 µg L
-1
,  
Cu(II): 7.7 – 177.3 µg L
-1
 
CB-18-crown-6 
Pb(II): 5.0 – 186.5 µg L
-1
,  
Cd(II): 7.9 – 191.1 µg L
-1
, 
Cu(II): 5.1 – 177.3 µg L
-1
 
- CB-18-crown-6 and CB-15-crown-5 assisted by lysine 
are immobilized respectively through aryl diazonium 
electrochemical grafting onto the surface of GEC. 
- Pb(II) shows a more favorable complex forming ability 
with CB-18-crown-6 whereas Cu(II) fits snugly into CB-15-
crown-5. For Cd(II), CB-15-crown-5 is a little bit more 
selective than CB-18-crown-6.  
- Discrete Wavelet Transform and Causal Index coupled 
with an ANN is selected for the processing of the 
voltammograms. 
[239] 
GEC 
CB-15-crown-5 
CB-18-crown-6 
Pb(II) 
Cd(II) 
Hg(II) 
DPASV 
 
Certified 
metal 
solutions 
For Pb(II) and Cd(II) 
see Ref [219] 
For Hg(II): 
GEC: 11 µg L
-1
 
CB-15-crown-5:  
12 µg L
-1
 
CB-18-crown-6:  
13 µg L
-1
 
For Pb(II) and Cd(II) see Ref 
[219] 
For Hg(II): 
GEC: 37 - 200 µg L
-1
 
CB-15-crown-5: 40 - 200 µg L
-1
 
CB-18-crown-6: 43 - 200 µg L
-1
 
- CB-18-crown-6 and CB-15-crown-5 assisted by lysine 
are immobilized respectively through aryl diazonium 
electrochemical grafting onto the surface of GEC. 
- Hg(II) shows a similar interaction for the three 
considered sensors, however it can be seen that CB-18-
crown-6-GEC is a little bit more selective than CB-15-
crown-5-GEC. 
- Discrete Wavelet Transform coupled with an ANN is 
selected for the processing of the voltammograms. 
[240] 
Crown-6-SPCNFE 
Ex-situ-SbSPCNFE 
Tl(I) 
In(III) 
DPASV 
 
Tap water Crown-6-SPCNFE 
Tl(I): 10.9 µg L
-1
, 
In(III): 13.7 µg L
-1
 
Ex-situ-SbSPCNFE 
Tl(I): 8.6 µg L
-1
, 
In(III): 6.3 µg L
-1
 
Crown-6-SPCNFE 
Tl(I): 36.3 – 270.3 µg L
-1
, 
In(III): 45.7 – 300.4 µg L
-1
 
Ex-situ-SbSPCNFE 
Tl(I): 28.7 – 270.3 µg L
-1
, 
In(III): 21.0 – 300.4 µg L
-1
 
- CB-18-crown-6 assisted by lysine is immobilized 
respectively through aryl diazonium electrochemical 
grafting onto the surface of SPCNFE. 
- Sb is ex-situ coated onto the surface of SPCNFE. 
- Baseline correction, smoothing Savitzky-Golay, 1st 
derivative Savitzky-Golay, reference correction and 
[241] 
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autoscale coupled with a PLS model are selected for the 
processing of the voltammograms. 
SPCE-CNF 
GSH-SPCE-CNF 
Cys-SPCE-CNF 
Ex-situ-SbSPCE-CNF 
Zn(II) 
Cd(II) 
Pb(II) 
Bi(III) 
In(III) 
Tl(I) 
DPASV 
 
Tap water SPCE-CNF 
Zn(II): 5.1 µg L
-1
, 
Cd(II): 3.4 µg L
-1
, 
Pb(II): 2.6 µg L
-1
 
Bi(III): 16.8 µg L
-1
, 
In(III): 3.0 µg L
-1
, 
Tl(I): 6.5 µg L
-1
 
GSH-SPCE-CNF 
Zn(II): 7.4 µg L
-1
, 
Cd(II): 3.5 µg L
-1
, 
Pb(II): 3.2 µg L
-1
 
Bi(III): 8.7 µg L
-1
, 
In(III): 7.9 µg L
-1
, 
Tl(I): 12.5 µg L
-1
 
Cys-SPCE-CNF 
Zn(II): 7.9 µg L
-1
, 
Cd(II): 3.3 µg L
-1
, 
Pb(II): 3.1 µg L
-1
 
Bi(III): 11.4 µg L
-1
, 
In(III): 5.5 µg L
-1
, 
Tl(I): 17.4 µg L
-1
 
Ex-situ-SbSPCE-CNF 
Zn(II): 4.5 µg L
-1
, 
Cd(II): 3.2 µg L
-1
, 
Pb(II): 4.0 µg L
-1
 
Bi(III): 5.2 µg L
-1
, 
In(III): 6.3 µg L
-1
, 
Tl(I): 8.6 µg L
-1
 
SPCE-CNF 
Zn(II): 16.9 – 198.3 µg L
-1
, 
Cd(II): 11.3 – 200.0 µg L
-1
, 
Pb(II): 8.7 – 200.8 µg L
-1
 
Bi(III): 56.1 – 200.7 µg L
-1
, 
In(III): 10.0 – 200.4 µg L
-1
, 
Tl(I): 21.7 – 274.9 µg L
-1
 
GSH-SPCE-CNF 
Zn(II): 24.5 – 198.3 µg L
-1
, 
Cd(II): 11.6 – 200.0 µg L
-1
, 
Pb(II): 10.8 – 200.8 µg L
-1
 
Bi(III): 29.1 – 200.7 µg L
-1
, 
In(III): 26.4 – 200.4 µg L
-1
, 
Tl(I): 41.8 – 274.9 µg L
-1
 
Cys-SPCE-CNF 
Zn(II): 26.3 – 198.3 µg L
-1
, 
Cd(II): 10.9 – 200.0 µg L
-1
, 
Pb(II): 10.3 – 200.8 µg L
-1
 
Bi(III): 38.0 – 200.7 µg L
-1
, 
In(III): 18.2 – 200.4 µg L
-1
, 
Tl(I): 57.8 – 274.9 µg L
-1
 
Ex-situ-SbSPCE-CNF 
Zn(II): 14.9 – 198.3 µg L
-1
, 
Cd(II): 10.7 – 200.0 µg L
-1
, 
Pb(II): 13.2 – 200.8 µg L
-1
 
Bi(III): 17.2 – 200.7 µg L
-1
, 
In(III): 21.0 – 200.4 µg L
-1
, 
Tl(I): 28.5 – 274.9 µg L
-1
 
- The tongue is successfully applied to the analysis of a 
complex mixture of metal ions (4 analytes and 2 
interferences) 
- Sb is ex-situ coated onto the surface of SPCNFE. 
- GSH and Cys are immobilized on aryl diazonium salt 
monolayers anchored to the surface of SPCE-CNF 
- An orthogonal signal correction coupled with a 
hierarchical PLS model is selected for the processing of 
the voltammograms. 
[242] 
MEA and MLAPS Zn(II), 
Cd(II), 
Pb(II), 
Cu(II) 
with 
MEA 
Fe(III) 
and 
DPASV --- Zn(II): 3.4 µg L
-1
, 
Cd(II): 0.2 µg L
-1
, 
Pb(II): 0.5 µg L
-1
, 
Cu(II): 1.8 µg L
-1
 
Fe(III): 280 µg L
-1
 
Cr(IV): 26 µg L
-1
 
Zn(II): 10 – 600 µg L
-1
, 
Cd(II): 1 – 100.0 µg L
-1
, 
Pb(II): 1 – 200 µg L
-1
 
Cu(II): 2 – 300 µg L
-1
, 
FeCl3: 10
-5 
– 10
-3
 M  
K2Cr2O7: 10
-5 
– 10
-3
 M 
- Combining MEA with MLAPS, the full automatic monitor 
realize stand-alone real-time and in-situ measurements 
of trace heavy metals. 
- The working electrode is the mercury coated AuMEA  
[243] 
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GEC: graphite–epoxy composite electrodes; CB-18-crown-6: 4-carboxybenzo-18-crown-6; CB-15-crown-5: 4-carboxybenzo-15-crown-5; PLS: partial Least Squares; Ex-situ-SbSPCNFE: ex-situ 
antimony film electrode; Crown-6-SPCNFE: 4-carboxybenzo-18-crown-6 modified electrode; SPCNFE: screen-printed carbon nanofiber-modified electrode; SPCE: screen-printed carbon 
electrode; CNF: carbon nanofiber; GSH: glutathione; Cys: L-cysteine; AE: auxiliary electrode; RE: reference electrode; WE: working electrode; MEA: microelectrode array; MLAPS: multiple light-
addressable potentiometric sensor; UPD-SV: underpotential deposition-stripping voltammetry; LAPS: light addressable potentiometric sensor; NEA: nanoband electrode array. 
 
 
Cr(VI) 
with 
MLAPS 
MEA and an 
interdigitated 
electrode pair 
Cu(II) UPD-SV Artificial 
Sea water 
0.115 µmol L
-1
 0.48 – 3.97 µmol L
-1
 - A microelectrochemical sensor array for Cu(II) and 
conductivity suitable for operation in the marine 
environment are presented. 
- Two types of sensors are implemented: i) a three-
electrode cell made of a platinum working 
microelectrode array, a Ag|AgCl reference electrode and 
a platinum counter electrode; and ii) the impedimetric 
sensor made of platinum interdigitated electrodes. 
[244] 
MEA and LAPS Zn(II) 
Pb(II) 
Cu(II) 
SWASV --- --- 10 to 50 µg L
-1
for Zn(II), Pb(II) 
and Cu(II). 
- A novel hybrid chemical sensor array for heavy metal 
detection and pH detection with gold MEA and LAPS 
integrated on the same silicon wafer is presented. 
- A self-calibration process by multivariate nonlinear 
regression is used 
[245] 
NEA and LAPS Pb(II) 
Cu(II) 
SWASV --- --- 20 to 100 µg L
-1
for Pb(II) and 
Cu(II). 
- A novel miniaturized multisensor chip for lead and 
copper detection and for pH sensing is presented. 
- This multisensor chip is a simplification and 
improvement to the previous fabricated integrated 
sensor [212]. 
[246] 
